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FOREWORD 

The Reactor Development P rogram P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical progress which have occurred in both 
the specific reactor projects and the general engineering r e ­
search and development p rograms . The report is organized 
in accordance with budget activities in a way which, it is 
hoped, gives the clearest , most logical overall view of prog­
r e s s . Since the intent is to report only i tems of significant 
progress , not all activities are reported each month. In 
order to issue this report as soon as possible after the end 
of the month editorial work must necessari ly be limited. 
Also, since this is an informal progress report , the resul ts 
and data presented should be understood to be prel iminary 
and subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
reports . 

The last six reports issued 
in this series a re : 

June 1968 ANL-7460 

July 1968 ANL-7478 

August 1968 ANL-7487 

September 1968 ANL-7500 

October 1968 ANL-7513 

November 1968 ANL-7518 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for December 1968 

EBR-II 

The reactor was operated for 1188 MWd during December and had 
accumulated 22,666 MWd by the end of the month. All runs during Decem­
ber were at 50 MWt. The performance of the fission-product monitoring 
sys tems of the reac tor was checked by inserting a control rod containing 
two bare Mark-IA fuel pins into the reactor and measuring the change in 
signals result ing from the insert ion. 

The acceptance rate for vendor-produced Mark-IA fuel elements 
increased from an original rate of less than 75% to a current rate of about 
90% after the vendor instituted a postbonding step. A total of 4097 elements 
were received from the vendor, of which 3398 were acceptable. Four sub­
assembl ies containing vendor fuel have been fabricated, three of which a re 
being i r radia ted in EBR-II as par t of the vendor-fuel surveil lance program. 

During a " rehea r sa l test" of the instrumented subassembly in the 
reac tor mockup at ANL-Illinois, all equipment and instrumentation func­
tioned properly. 

ZPR-3 

The experimental p rogram with Assembly 55, a nul l-react ivi ty ex­
periment in which a k̂ ^ = 1 zone was used to determine the capture- to-
fission rat io in " ' P u , has been completed. Assembly 55A was identical 
with the preceding one except that a central region of 22% ^*°Pu was in­
corporated in the k^ = 1 zone and measurements were made which may 
permi t the evaluation of the capture- to-f iss ion ratio for ^^Pu. 

Assembly 56 was made cri t ical near the end of the month with a 
loading of 374.1 kg of total plutonium. This assembly, the first of the FTR 
Resumed Phase -B Exper iments , required an amount of fuel well below the 
430-kg facility l imit . 

ZPPR 

In-place tes ts of the radial per turba t ion-sample-dr ive mechanism 
and adjustments to the sample-changer mechanism have been made. In­
stallation of the automated data-acquisit ion system and counting-room 
equipment is continuing. 

ZPPR review of the qualifications of the operator and supervisor 
s tar tup team has been completed. 

ZPR-6 and -9 

Conversion of the ZPR-6 and -9 facilities to plutonium operation 
continues with the cont rac tor ' s installation of electr ical wiring and controls 
for the cell-exhaust fan system and the reactor cooling sys tem. It is ex­
pected that the cont rac tor ' s work will be completed by the end of January. 
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I. LIQUID METAL FAST BREEDER REACTORS--CIVILIAN 

A. Fuel Development--LMFBR 

1. Oxide 

a. Fuel Studies 

(i) Fuel Element Performance (L. A. Neimark, F . L. Brown, 
W. F . Murphy, and R. Natesh) 

Last Reported: ANL-7518, pp. 1-3 (Nov 1968). 

Pre l iminary analysis of axial fuel relocation in elements 
SOV-3, SOV-7, and HOV-15 indicates that the fuel columns increased in 
effective density below their midplanes. Elements SOV-3 and SOV-7 also 
showed increased densities above the midplane, whereas the center r e ­
gions of these elements decreased in density. Of the three elements , the 

greatest increase in density below the mid­
plane was found in HOV-15, which was the 
only element that showed a decrease in 
effective density in both the center and top 
regions. These observations a re i l lustrated 
in Fig. I.A.I. 

The analysis of fuel relocation was 
made from metallographic sections along 
the length of each element. Initially, a rb i ­
t r a ry demsities of 96 and 93% of the theo­
retical fuel density were assigned to the 
columnar-grain and equiaxed-grain regions, 
respectively. Regions of nonsintered par ­
ticles were assumed to have the as-fabricated 
smear density of the element. A mass bal­
ance of the resulting axial distribution of fuel 
indicated that the assumed densities for the 
various fuel regions were too high, probably 
because fuel cracking was not considered. 
More real is t ic values for the effective den­

sities of relocated fuel were obtained by making the mass balance c o r r e ­
spond to the original as-fabricated element density. This was accomplished 
by assuming the following percentages of theoretical density for each of the 
fuel regions: 

Element Coluninar Grains (%) Equiaxed Grains (%) 

AXIAL POSITION ON FUEL COLUMN. I n c N , 

Fig. I.A.I. Changes in Effective Density 
along Oxide Fuel Columns 
Operated with Center Melting 

SOV-3 
SOV-7 
HOV-15 

94 
93 
91 

90 
90 
86 



Measured changes in the centers of gravity of these elements are in quali­
tative agreement with the results of the relocation analysis. The center of 
gravity of SOV-3 shifted downward 0.03 in., that of SOV-7 shifted upward 
0.03 in., and that of HOV-15 shifted downward 0.06 in. An increase in fuel 
density at the bottom of the elements can be attributed to fuel "slumping" 
as the fuel solidified from a molten condition. However, no reason is now 
offered for fuel relocating to the top of the elements. 

Examination of the microstructures in HOV-15 appeared 
to indicate that fuel restructuring occurred after a molten s t ructure was 
present in the center regions of the fuel. This molten s tructure, evidenced 
by large columnar grains that are free of gamma-emitting fission products 
but enhanced m alpha emitters, was clearly evident at the bottom of the ele­
ment. However, at higher regions in the element, fine columnar grains were 
found growing into the large columnar-grain region next to the central void. 
At the axial midplane, restructuring was complete, and fine columnar grains 
extended completely from the outer periphery of the element to the central 
void. This restructuring was accompanied by the movement of some small 
particles of solid fission products and spherical voids up the temperature 
gradient; a concentration of these voids was found adjacent to the large 
central void. This restructuring tended to obliterate evidence of the once-
molten region and made identification difficult. However, by using the 
general location of the solid fission products as an indicator, the extent of 
melting at all elevations in the element was approximated. During operation 
at the maximum rated power of the element, the volume of molten fuel thus 
obtained would likely completely fill the central void that was present at the 
end of the irradiation. Fuel slumping during irradiation, therefore, would 
not have occurred. 

The white phase present at the fuel-cladding interface of 
SOV-3 has been identified by electron-probe examination as containing 
cesium; however, identification of the grain-boundary phase that extended 
0.003 in. into the stainless steel cladding has not yet been possible. 

2. Carbide 

a. Fabrication and Evaluation 

(i) Fuel Element Performance ( L . A. Neimark and T. W T.atimprl 

Last Reported: ANL-7518, p. 6 (Nov 1968). 

The examinations of mixed-carbide fuel elements SMV-2, 
HMV-5, and NMV-11 following irradiation m EBR-II Subassembly XG05 to 
an estimated maximum burnup of 7.2 a/o are iA progress . The design and 
operating parameters of these elements were reported previously (see 
Progress Report for October 1968, ANL-7513, Table I.A.I, p. 3). Visual 
examination has revealed a failure in NMV-U; the other two elements were 
intact. 



For Element SMV-2, clad in Type 304 stainless steel , a 
maximum diametral increase of 2.1 mils or 0.73% occurred at 44% of the 
distance from the bottom to the top of the fueled section. The average per ­
cent diametral increases over 2.8-in. (20%) intervals along the length of the 
14-in. fueled section were as follows: 

0-2.8 in. (Bottom) 2.8-5.6 in. 5.6-8.4 in. 8.4-11.2 in. 11.2-14 in. (Top) 

0.42 0.65 0.63 0.65 0.39 

F i s s i o n - g a s a n a l y s i s f r o m E l e m e n t SMV-2 i n d i c a t e d a r e l e a s e of 15.8%. 
Th i s a m o u n t a p p r o x i m a t e s the 13.4% g a s r e l e a s e found for t he s a m e type 

of fuel a f t e r i r r a d i a t i o n to a b u r n u p 
of 2.6 a / o ( s ee P r o g r e s s R e p o r t for 
A p r i l 1967, A N L - 7 3 2 9 , p . 45) . F i g ­
u r e L A . 2 shows an a s - p o l i s h e d 
t r a n s v e r s e s e c t i o n of SMV-2 t a k e n 
at the m i d p l a n e of the fueled s e c t i o n . 
As has been o b s e r v e d in the low-
b u r n u p c a r b i d e e l e m e n t s , the P u C 
p a r t i c l e s swe l l ed into ad j acen t void 
s p a c e s be tween UC p a r t i c l e s . The 
P u C p a r t i c l e s a p p e a r to have r e ­
ac t ed with the UC p a r t i c l e s in the 
c e n t e r 60% of the d i a m e t e r of the 
t r a n s v e r s e s e c t i o n . O u t s i d e t h i s 
r eg ion t h e r e i s e v i d e n c e of P u C 
p a r t i c l e s bonded to UC p a r t i c l e s , 
but v e r y l i t t l e e v i d e n c e of 
in t e rd i f fus ion . 

Fig. I.A.2. Section through SMV-2 Showing Reaction 
between UC and PuC Particles in the Cen­
ter of the Element (-lOX) 

The m a x i m u m d i a m e t r a l 
i n c r e a s e of HMV-5 (c lad in 
H a s t e l l o y - X ) was 5.1 m i l s o r 1.7%, 

and the g r e a t e s t d i a m e t r a l i n c r e a s e s w e r e found o v e r the u p p e r fuel r e g i o n ; 
the m a x i m u m i n c r e a s e o c c u r r e d at 72% of the d i s t a n c e f r o m the b o t t o m to 
the top of the fuel . The a v e r a g e p e r c e n t d i a m e t r a l i n c r e a s e s o v e r 2 . 8 - i n . 
(20%) i n t e r v a l s a long the l eng th of the 14- in . fueled s e c t i o n w e r e a s fo l lows: 

0 -2 .8 in. (Bo t tom) 2 . 8 - 5 . 6 in. 5 .6-8 .4 in. 8 .4 -11 .2 in. 1 1.2-14 in. (Top) 

0.30 0.72 1.26 1.62 0.37 

Fission gases from this element have not yet been analyzed. 

Only 1.5% of the calculated amount of fission gas generated 
in failed NMV- 1 1 was recovered from the capsule. The gas recovered from 
the capsule plenum did not contain all of the helium fill-gas that was originally 



in bo th the capsu le and e l emen t p l e n u m s . T h e r e f o r e , we s u s p e c t t ha t a l l 
of the f i s s ion gas r e l e a s e d f rom the fuel du r ing i r r a d i a t i o n was not c o l ­
l e c t e d by sampl ing the capsu le p lenum. 

F i g u r e I.A.3 shows an a s - p o l i s h e d t r a n s v e r s e s e c t i o n of 
NMV-11 t aken at the midplane of the fueled s ec t i on . Al though s o m e s i n t e r ­
ing a p p e a r s to have o c c u r r e d in the c e n t e r of the e l e m e n t , the ou t l i ne s of 
the o r ig ina l (U,Pu)C p a r t i c l e s a r e c l e a r l y v i s ib le in the o u t e r t h r e e - q u a r t e r s 
of the r a d i u s . Because of a pas s iva t ing t echn ique (ac ids u s e d du r ing p o l i s h ­
ing to p r e v e n t quick oxidation of the su r f ace ) , the m i c r o s t r u c t u r e in the l a r g e 
p a r t i c l e s i s evident . These p a r t i c l e s contain (U,Pu)2C3 a s a s econd p h a s e . 
The d e n d r i t i c a p p e a r a n c e of this phase in the o u t e r p a r t i c l e s i n d i c a t e s no 
change in m i c r o s t r u c t u r e f rom the o r ig ina l r ap id ly cooled , a r c - m e l t e d 
m a t e r i a l . 

Fig. I.A.3 
Section through NMV-11 Showing Sintering in the 
Center of the Element. Cladding failure is shown 
at the bottom. Fine particles were lost from the 
periphery during specimen preparation. (~ lOX) 



B. P h y s i c s D e v e l o p m e n t - - L M F B R 

1. T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l F a s t R e a c t o r P h y s i c s 

(i) M u l t i g r o u p M e t h o d s (H. H. H u m m e l ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 7 -11 (Nov 1968). 

(a) New F o r m u l a t i o n of B r o a d - g r o u p M i c r o s c o p i c C r o s s 
S e c t i o n s . T h e p r i n c i p l e s wh ich have led to a new def in i t ion of the m i c r o ­
s c o p i c t r a n s p o r t c r o s s s e c t i o n s for u s e in fas t b r e e d e r r e a c t o r s * h a v e b e e n 
ex t ended and u s e d to d e r i v e a se t of p a r a l l e l de f in i t i ons for the o t h e r m i c r o ­
s c o p i c c r o s s s e c t i o n s . T h e de f in i t i ons a r e b a s e d on the a s s u m p t i o n tha t the 
l o g a r i t h m i c d e r i v a t i v e of t he t r a n s p o r t c o l l i s i o n d e n s i t y wi th r e s p e c t to the 
c o n c e n t r a t i o n of the i s o t o p e of i n t e r e s t is c o n s t a n t o v e r t he e n e r g y r a n g e of 
any b r o a d g r o u p c o n s i d e r e d in the c o l l a p s i n g o p e r a t i o n . 

A l o g i c a l p r o c e d u r e a n a l o g o u s to that ou t l ined by 
T r a v e l l i ' * l e a d s to the fol lowing de f in i t ions for the m o s t i m p o r t a n t c r o s s 
s e c t i o n s u s e d in the MC" code:""* 

1 
„ m , b g _ 1 V^ 

'1 i 

I 

.^m.ufe^ufg 
Otr. **i * 

m , b e - — Y-
''I i 

I 

^rn.ufg-

,m,ufg ^ / j - b g _ j . u fg \ L ^ 
^i \ h ' i / j u f g 

t r ; 

* i r 

I J 
m,bg ^ _J_ V V 

° s o j ^ I - ^bg /..A. 

m.ufg 

y"fg 
^ t r , 

0. 6 

gm,ufg ^ I _ _ J r i . ^ufg 

m,ufg 
t r ; 

A E i SOj^jl 2ufg 
t r 

J J 

*^^S .. 

(1) 

(2) 

(3) 

(4) 

'*TravelU, A.. Trans. ANS U . 532 (1968). 
""•Toppel, B. J., et aU, ANL-7318 (1967). 



w h e r e 

0^^g = neu t ron flux in the u l t r a f ine g roup i; 

I 
0^g = Z *i^^^ ^ neu t ron flux in the b r o a d g r o u p I; 

i 

Si^^S = m a c r o s c o p i c t r a n s p o r t c r o s s s e c t i o n ove r the u l t r a f i n e 
t^i 

group i; 

vPg = i = m a c r o s c o p i c t r a n s p o r t c r o s s s e c t i o n o v e r the 
f l I / iufg\ , , , 

\ ^ r i \ b road group I; 

2f ^ = m a c r o s c o p i c to ta l c r o s s s ec t i on o v e r the u l t r a f i n e g r o u p i; 
ti 

2 r S = > (Zt^(bi^] = m a c r o s c o p i c to ta l c r o s s s e c t i o n o v e r 
'l ^H ^ V 'i ^ / Pi 1 the b r o a d g roup I; 

(v2{)" 8 = a v e r a g e number of n e u t r o n s emi t t ed p e r f i s s ion t i m e s 
the m i c r o s c o p i c f i s s ion c r o s s s ec t i on over the u l t r a f i n e 
group i; 

(vSf)jS = —— 2^ (vSf). ^0j * = a v e r a g e n u m b e r of n e u t r o n s 
't'l i e m i t t e d p e r f i s s ion t i m e s the m a c ­

r o s c o p i c f i s s ion c r o s s s e c t i o n o v e r 
the b r o a d g roup I; 

S ^ Q S ^ . = m a c r o s c o p i c s c a t t e r i n g c r o s s s ec t i on f rom the u l t r a f i n e 
group j to the u l t r a f ine g roup i p e r unit final e n e r g y ; 

I J 

^®°J—I ^ ~bg 2^ 2^ W ^o-^I'^f ^) ~ m a c r o s c o p i c s c a t t e r i n g c r o s s 
*J i j s e c t i o n f r o m the b r o a d g r o u p J 

to the b r o a d g roup I p e r uni t 
final e n e r g y . 

The symbols "a" r e f e r to the c o r r e s p o n d i n g m i c r o s c o p i c c r o s s s e c t i o n s , 
r e l a t e d to the m a c r o s c o p i c c r o s s sec t ion by the e x p r e s s i o n 

a™ = ^ ^ , . (5) 

with N " ^ the a tomic concen t r a t i on of the i so tope m . 



The definitions generally in use in c ross-sec t ion col­
lapsing codes for of^'^S, {vOi)"^'^^, and a^'^^S can be obtained from Eqs. (2), 

(3), and (4), respectively, simply by letting of"'" § vanish in the expressions. 

It can be shown, however, that the definitions obtained in this way can be 
derived from the assumption that the logarithmic derivative of the neutron 
flux with respect to the concentration of the isotope m be constant over the 
broad group I. Pre l iminary calculations have shown that this is a much 
poorer assunnption than the assumption that has led to the new definitions, 
and that use of the traditional definitions leads to broad-group cross sec­
tions which satisfy Eq. (5) much less satisfactorily than the new set of de­
finitions represented by Eqs. (l), (2), (3), and (4). 

The improvement due to use of the new definitions is 
expected to be more noticeable for the t ransport c ross section than for the 
other cross sections, because its traditional definition implies an assump­
tion concerning the neutron current which is even less real is t ic . However, 
use of the improved definitions also for the other c ross sections will be 
useful to calculate more accurate macroscopic broad-group sections for 
compositions other than the standard composition used in the MC^ code. 
The calculation of distributed mater ia l worths should also be improved by 
using the new definitions. 

2. Experinnental Reactor Physics 

a. Fast Cri t ical Experiments--Experinnental Support (Idaho) 
(W, G. Davey) 

Last Reported: ANL-7518, pp. 12-13 (Nov 1968). 

(i) Neutron Spectrometry. The data from the repeat of the 
proton-recoi l spectrum nneasurement in ZPR-3 Assembly 55 have been 
analyzed and are shown in Fig. I .B.I . These data are identical (within 
s tat is t ics) to the data from the first run on Assembly 55 in the energy 

ENERGY IhaVl 

Fig. I.B.I. Neutron Spectram In ZPR-3 Assembly 55 



r eg ion above 10 keV. Below 10 keV, the o r ig ina l da ta w e r e d i s t o r t e d by a 
count r a t e - s e n s i t i v e ampl i f i e r in the d i s c r i m i n a t i o n e l e c t r o n i c s s y s t e m . 

With the except ion of a r e l a t i v e l y flat r eg i o n b e t w e e n 80 and 
500 keV, th is s p e c t r u m is ve ry s i m i l a r to tha t of A s s e m b l y 53 . The only 
r e c o g n i z a b l e s t r u c t u r e is a d e p r e s s i o n at 31 keV due to an i r o n r e s o n a n c e . 

(ii) E x p e r i m e n t a l Techn iques 

(a) Techn iques of C o n t r o l - r o d C a l i b r a t i o n . The m e t h o d 
out l ined by Cohn* has been r e v i s e d to include a s o u r c e c o r r e c t i o n and p r o ­
g r a m m e d for the CDC-1604 . The r e s u l t s obta ined by i t s u s e c o m p a r e f a v o r ­
ably with those of the s i m i l a r i n v e r s e - k i n e t i c s t echn ique c u r r e n t l y in u s e a t 
Z P R - 3 . T e s t c a s e s run us ing da ta f rom rod c a l i b r a t i o n s in A s s e m b l y 51 
gave s o u r c e va lues differing f rom p r e v i o u s d e t e r m i n a t i o n s by an a v e r a g e of 
l e s s than 1%. 

(iii) In t eg ra l Studies of C r o s s S e c t i o n s . In the f r a m e w o r k of 
the Data Tes t ing Subcommi t t ee of the C r o s s Sect ion E v a l u a t i o n Work ing 
Group (CSEWG), a se lec t ion of ten fast r e a c t o r c r i t i c a l e x p e r i m e n t s h a s 
been p r o p o s e d for the i n t e g r a l da ta t e s t i ng of the E v a l u a t e d N u c l e a r Da ta 
F i l e B ( E N D F / B ) . An ini t ia l object ive of the da t a t e s t i n g w a s the o p e r a t i o n 
of the file with i ts va r i ous p r o c e s s i n g codes and r e a c t o r codes to u n c o v e r 
obvious e r r o r s , o m i s s i o n s of data , f o rma t e r r o r s , code p r o b l e m s , e t c . A 
fu r the r specif ic object ive has now been fornnulated as the i m m e d i a t e t e s t i n g 
of the E N D F / B data for the p r i m e r e a c t o r c o n s t i t u e n t s ^^'Pu, ^ "U , and " ' u . 
Consequent ly , s imple f a s t - c r i t i c a l c a s e s which e m p h a s i z e s e p a r a t e l y t h e s e 
t h r e e m a t e r i a l s have been se l ec t ed for a n a l y s i s u s ing E N D F / B ; four of the 
b e n c h m a r k c a s e s a r e p lu ton ium-fue led s y s t e m s , t h r e e a r e h i g h - e n r i c h m e n t 
u r a n i u m s y s t e m s , and t h r e e a r e fueled with l o w - e n r i c h m e n t u r a n i u m . 

In addit ion to the e m p h a s i s of the p a r t i c u l a r a s s e m b l i e s on 
the data for e i the r p lutonium, " ' U , o r ^^*U, the s e l e c t i o n is in tended to t e s t 
the E N D F / B and a s s o c i a t e d codes on the s y s t e m s wi th " h a r d " - , " m e d i u m " - , 
and " s o f f ' - n e u t r o n - s p e c t r u m s y s t e m s . The a n a l y s e s a r e to d e t e r m i n e the 
c r i t i ca l i t y factor for homogeneous , s p h e r i c a l m o d e l s of t h e s e s y s t e m s . 
Spec t ra l indices and reac t iv i ty coeff ic ients a l s o a r e to be c a l c u l a t e d for 
c o m p a r i s o n with m e a s u r e m e n t s . Spec i f i ca t ions of the m o d e l s a r e being 
d rawn up for d i s t r ibu t ion to CSEWG p a r t i c i p a n t s . 

"Cohn, C. E-. The DDP-24 Inverse-Kinetics Algorith. DDP-24 Memo 48. 



b. Fas t Cri t ical Exper iments - -Exper imenta l Support (Illinois) 

Last Reported: ANL-7478, p. 7 (July 1968). 

(i) Detector Development (R. Gold) 

(a) Automatic Live- t imer Correct ion in Prec is ion 
Counting. In counting experinnents for which resul ts of high precision are 
required, a number of computed correct ions a re usually applied to the raw 
counting data, including a correct ion for electronic-channel deadtinne for 
which severa l sonnewhat different formulae a re currently in vogue. On the 
other hand, automatic (on-line) deadtime correct ion by the l ive- t imer meth­
od is very readily implennented with available components.* To ascer ta in 
the applicability of this method to precision work, the theoretical precision 
of l ive- t imer-on- l ine correct ion was examined. It turned out to be identical 
with the precision obtained from a standard correct ion formula which a s ­
sumes nonextendable deadtime. 

In pract ice, on-line correct ion may claim to be supe­
r ior since it does not rely on the absolute stability of the imposed paralys is 
and further saves the labor of making prec ise measurements of this para l ­
ysis at in tervals . Moreover, it del ivers corrected counts as the experiment 
proceeds and thus facilitates control. With a slight modification, the d is ­
cr iminator can be made to suppress certain pileup effects appearing at very 
high input ra tes , which the usual formula correct ion cannot satisfactorily 
t rea t . 

The l ive- t imer method is sometimes believed to fail 
for the case of sources that decay appreciably during the count. It can be 
shown, however, that a certain ratio of the timing-channel blocking gate to 
the count-channel para lys is will effectively cor rec t for decay during the 
count interval . Finally, l ive- t imer correct ion of coincidence counting is 
found to be, in fact, more p rec i se than correct ion through the application of 
usual formulae, since such formulae only account for f i r s t -order effects in 
pa ra lys i s . A se r ies of pract ical tes ts were made and found to verify these 
predictions under conditions which were deliberately chosen to be at the 
ext reme limit of practically encountered situations. 

c. P l a n n i n g and E v a l u a t i o n of F F T F C r i t i c a l A s s e m b l y 
E x p e r i m e n t s (D. M e n e g h e t t i ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp . 19-21 (Nov 1968). 

(i) P r e p a r a t i o n of C r o s s - s e c t i o n Set for F F T F A s s e m b l y I of 
R e s u m e d P h a s e - B C r i t i c a l P r o g r a m . A t w e n t y - n i n e - g r o u p c r o s s - s e c t i o n 

"^Forges, K. G., and Rudnick, S. J., Live-Timer Method of Automatic Deadtime Correction for Precision 
Counting, Rev. Sci. Insti. (in press). 
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se t , de s igna ted 29004, has been p r e p a r e d for the n e u t r o n i c c o m p u t a t i o n s 
a s s o c i a t e d with A s s e m b l y I of the R e s u m e d P h a s e - B C r i t i c a l E x p e r i m e n t s 
in suppo r t of the F F T F P r o g r a m . The nomina l c o r e and ref lector c o m p o ­
s i t ions w e r e given in ANL-7518 . The E N D F / B C a t e g o r y I b a s i c c r o s s -
sec t ion da ta w e r e en t e r ed into the MC^ code. 

The he t e rogeneous t r e a t m e n t was used in a f u n d a m e n t a l -
m o d e s p e c t r u m for the co re c r o s s s ec t ions , whi le the h o m o g e n e o u s z e r o -
buckl ing s p e c t r u m a s s o c i a t e d with each r e f l e c t o r was u s e d for s e p a r a t e l y 
ave rag ing the r ad i a l and axial c r o s s s e c t i o n s . The uppe r e n e r g y boundary 
of the f i r s t g roup was 10 MeV. The lower ene rgy boundary of each g r o u p 
and the c o r r e s p o n d i n g l e tha rgy is given in Tab le I . B . I . 

TABLE I.B.I. Group Boundaries of Cross - section Set 29004 

Dup 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Lower 
Energy 
Limit 

6.065 MeV 
3.679 
2.231 
1.353 MeV 

820.8 keV 
497.9 
302.0 
183.2 
111.1 
67.38 
40.87 
24.79 
15.03 
9.119 
5.531 

Lethargy 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 

Group 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Lower 
Energy 
Limit 

3.355 
2.035 
1.234 keV 

748.5 eV 
454.0 
275.4 
167.0 
101.3 
61.44 
37.27 
13.71 
5.043 
1.855 
0.6826 eV 

Leth 

8 
8 
9 
9 

10 
10 
11 
U 
12 
12 
13 
14. 
15. 
16. 

a r 

.0 

.5 
0 
5 
0 
5 
0 
5 
0 
5 
5 
5 
5 
5 

gy 

TABLE I.B.2. '°B Rod Worths 
per Kilogram at Various 

Radial Positions 

Radial Position 
(cm) %Ak/k per kg '"B 

0.50 
4.50 
9.50 

14.80 
20.75 
26.85 
31.66 
37.68 
43.70 
49.11 

-4.23 
-4.19 
-4.04 
-3.72 
-3.26 
-2.78 
-2.38 
-1.91 
-1.65 
-1.74 

(ii) C a l c u l a t i o n of Rad ia l '°R 
W o r t h s for A s s e m b l y I of R e s u m e d 
P h a s e ^ . Scoping e s t i m a t e s w e r e needed 
to fac i l i t a te the pos i t ion ing of B4C 
safety b l ades for the R e s u m e d P h a s e - B 
A s s e m b l y I c o n s t r u c t i o n in Z P P R . 

The s m a l l - s a m p l e w o r t h s 
for B c h a n n e l s having the he ight of the 
c o r e a r e given in T a b l e I .B.2 for v a r i ­
ous r a d i a l p o s i t i o n s . F o r th is a n a l y ­
s i s the c o r e - r e f l e c t o r i n t e r f a c e has 
been a s s u m e d to be 51.1 c m . T h e c r o s s -
sec t i on se t u s e d was 29004. C a l c u l a ­
t ions w e r e m a d e with the perturbation 
option for the MACH I program. 
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3. ZPR-3 Operations and Analysis (W. G. Davey and R. L. McVean) 

Last Reported: ANL-7518, pp. 21-25 (Nov 1968). 

a. Basic Studies of Plutonium Systems 

(i) Assennblies 53 and 54. Analyses of hydrogen content of the 
chromium perturbation samples in Assemblies 53 and 54 have been com­
pleted; the samples were found to contain 200 ± 5 ppnn hydrogen. The worth 
of this amount of hydrogen was determined to be +5.84 ± 0.31 Ih. Subtrac­
tion of this worth from the average specific worth of the two samples gives 
the chromium worth listed in Table I.B.3. The uncertaint ies given a re the 
sums of the uncertaint ies of the components of the corrected react iv i t ies . 
The major source of uncertainty was reactor noise. 

TABLE I.B.3. Central Per turbat ion Measurements of 
Chronnium in Assemblies 50 and 53 

Sample 

0.42-in.-dia cyl 
0.42-in.-dia cyl 

Wt (g) 

15.36 
16.73* 

St, ainless Steel 
Wt (g) 

6.412 
6.78* 

Assembly 50 
(Ih/kg) 

-13.06 ± 0.57 

Assembly 53 
(Ih/kg) 

-10.10 i 0.45 

•Average of 2 samples . 

(ii) Assembly 55. The experimental progrann with Assembly 55, 
the k^ = 1 experinnent to determine the capture- to-f iss ion ratio in Pu, 
was completed. Final measurements in this p rogram included f iss ion-track 
foil measurement s , fission ratios (^ ' 'u /^"Pu) , and central reactivity worths 
of high ^''°Pu fuel, ' L I , ''Li, carbon, s tainless steel, ^"Pu, and depleted 
uranium. 

An experiment to determine the effectiveness of polyethylene-
boral shielding was also performed during Assembly 55. The purpose of 
this experinnent was to evaluate this type of shield for possible use in a 
high-power core planned for the future on ZPR-3 . The data from Assem­
bly 55 have not been completely reduced yet and will appear in future 
r epo r t s . 

(iii) Assembly 55A. Assembly 55A was a repeat of Assembly 55 
except for the addition of a high ^''°Pu zone in the center of the k̂ ,̂ = 1 r e ­
gion. The same measurements were performed in both assembl ies . The 
data obtained from Assembl ies 55 and 55A, when taken together, may pe r ­
mit the determination of the capture- to-f iss ion rat ios for both ^' Pu and 
" ° P u . 
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b H e t e r o g e n e i t y . E f f o r t s h a v e p r i m a r i l y b e e n d i r e c t e d t o w a r d 

d a t a c o l l e c t i o n a n d p r o c e s s i n g of f o i l s u s e d t o d e t e r m i n e t h e n e u t r o n e c o n ­

o m y i n A s s e m b l i e s 55 a n d 5 5 A . C o u n t i n g h a s i n c l u d e d f i v e s e t s of m o n i t o r 

f o i l s ( g o l d a n d m a n g a n e s e ) , a n d t w e n t y p l u t o n i u m a n d d e p l e t e d u r a n i u m f o i l s . 

A n a l y s e s of m o n i t o r f o i l s a r e n e a r l y c o m p l e t e . A n a l y s e s of t h e r e m a i n i n g 

f o i l s c o n t i n u e . 

c . M o c k u p S t u d i e s . W i t h t h e c o m p l e t i o n of t h e u n l o a d i n g of A s ­

s e m b l y 55A, t h e p r e l o a d i n g of A s s e m b l y 56 b e g a n . A s s e m b l y 56 i s a l o a d i n g 

i n w h i c h t h e c o r e a n d i n n e r p a r t of t h e r a d i a l r e f l e c t o r c o n t a i n t h e s a m e 

p l a t e a r r a n g e m e n t a s t h e F T R R e s u m e d P h a s e - B C r i t i c a l P r o g r a m , A s s e m ­

b l y I b e i n g b u i l t on Z P P R . T h i s a s s e m b l y i s b e i n g c o n s t r u c t e d in p a r a l l e l 

t o t h e Z P P R e x p e r i m e n t t o p r o v i d e a n e s t i m a t e of t h e c r i t i c a l m a s s of s u c h 

a l o a d i n g a n d to d e t e r m i n e if t h e c r i t i c a l m a s s i s w i t h i n t h e 4 3 0 - k g t o t a l 

p l u t o n i u m l i m i t of Z P R - 3 . It i s p r e d i c t e d t h a t t h e c r i t i c a l m a s s w i l l b e 

w i t h i n Z P R - 3 l i m i t s , a n d t h e e x p e r i m e n t a l p r o g r a m f o r A s s e m b l y I c o u l d 

p r o c e e d o n Z P R - 3 a f t e r t h e e n t i r e r a d i a l r e f l e c t o r i s l o a d e d t o A s s e m b l y - I 

s p e c i f i c a t i o n s . 

F o r t h e d e t e r m i n a t i o n of c r i t i c a l m a s s , t h e c o r e a n d r e f l e c t o r 

c o m p o s i t i o n s a r e l i s t e d i n T a b l e I . B . 4 . T h e s e c o m p o s i t i o n s a r e b a s e d u p o n 

t h e Z P P R c o m p o s i t i o n s a d j u s t e d t o t h e Z P R - 3 v o i d f r a c t i o n a n d m a t r i x -

d r a w e r s t a i n l e s s s t e e l c o n t e n t . T h e a x i a l r e f l e c t o r i s 2 7 . 9 c m t h i c k , a n d t h e 

TABLE I .B.4 . FTR A s s e m b l y I of Z P R - 3 : Nomina l C o m p o s i t i o n s by Zone 

Units of 1 0 " / c c 

Co 

M a t e r i a l 

O 
Na 
F e 
Cr 
Ni 
Mn 
Mo 

Cel l Ave rage 

0.0150061 
0.0089557 
0.0125927 
0.0026777 
0.0013332 
0.0002299 
0.0003434 

M a t e r i a l 

235u 

"«u 
" ' P u 
"°Pu 
" ' P u 
C 

Ce l l A v e r a g e 

0.0000139 
0 .0062205 
0.0013346 
0 .0001818 
0 .0000248 
0.0011487 

N i -Na Ref l ec to r 

M a t e r i a l 

Na 

Ni 
F e 
Cr 
Void 

Axial R 

N X 1 0 " 

0.013900 
0.020033 
0.008665 
0.002459 

-

efl ec to r 

Volume 
F r a c t i o n 

54.7 
21.9 
10.2 

3.0 
10.2 

Radi 

N X l o " 

0.006759 
0.048081 
0.007373 
0.002104 

-

al R sfl ec to r 

V o lume 
F r a c t i o n 

26.6 
52.6 

8.6 
2.6 
9.6 
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inner and outer radial reflectors a re each nominally 15 cm thick. A portion 
of the inner reflector is loaded directly in the mat r ix for the initial mass 
confirmation. The core zone is being preloaded to a volunne which would 
contain 380 kg total plutonium with a core height of 91.59 cm. 

4. ZPR-6 and -9 Operations and Analysis 

a. Heterogeneity Effects (C. E. Till) 

Last Reported: ANL-7478, pp. 27-30 (July 1968). 

Two main types of heterogeneity effects a re associated with 
fast c r i t ica ls loaded in plate geometr ies : (1) fast effect, and (2) resonance 
effect. The fast effect depends on (a) the physical shape of the fissile ma­
t e r i a l s , i.e., thickness and length of column, and (b) the physical separation 
between the fissile and fertile plates. It gives a positive contribution to the 
reactivity of the system. 

The resonance heterogeneity effect is a self-shielding effect. 
Resonance neutrons a re readily absorbed at the surface of the plate. This 
p rocess allows fewer such neutrons to reach the inter ior of the plate, and 
the overall effect is that the average reaction rates per atom in the plate 
a re lowered. Self-shielding contributes negatively through the fission and 
positively through the capture p rocesses . Self-shielding in the scattering 
process can have positive or negative effects on the system; the sign is 
determined by the relative importance of the neutron before and after 
scat ter ing. 

% 
Three different types of experiments , designed to yield data on 

the heterogeneity effects, were conducted on a 4000-liter UOj core, Assenn-
bly 6 of ZPR-6. These experiments comprised the following: 

(1) Measurement of the reactivity change associated with two 
changes of loading pat terns and the fine s t ructure of the fluxes in the unit 
cell of each of the loading pat terns; 

(2) Measurement and comparison of the relative reactivity 
worth at the center of the core of honnogeneous, rodded-type heterogeneous 
and plate-type heterogeneous samples; also, measurement of the fine s t ruc­
ture of the fluxes in the rodded samples; 

(3) Measurement of the reactivity worths of ^̂ ^U and ^"U as a 
function of sample thickness. 

(i) Loading-pattern Effects. The effect of changing the drawer-
loading pat tern on the reactivity of the system provides a convenient means 
by which methods used to account for heterogeneity effects can be tested. 
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C a l c u l a t i o n s of a for "^U for va r i ous loading p a t t e r n s show tha t a c o n s i d ­
e r a b l e change in Op^ t akes p lace when the n o r m a l loading p a t t e r n (shown 
in F i g . LB.2a ) i s r e a r r a n g e d to the bunched loading p a t t e r n of F i g . I . B . 2 b . 
Ca lcu la t ions a l so showed that when the a p p r o p r i a t e amoun t of s t a i n l e s s 
s t ee l in the m a t r i x and d r a w e r is homogenized with the two U3O8 p l a t e s 
in two adjacent ce l l s , the value of Op* is i n c r e a s e d by 5-10%. F o r th i s 
r e a s o n a loading p a t t e r n in which the s t a i n l e s s s t ee l was i so l a t ed ( see 
F i g . LB.2c ) was used . Tab le I .B.5 shows the ca l cu la t ed a v e r a g e v a l u e s of 
a " ° and the c o r r e s p o n d i n g cap tu re c r o s s s ec t i ons for the t h r e e loading p a t ­
t e r n s and for the homogeneous c a s e . 

The m e a s u r e d reac t iv i ty change a s s o c i a t e d with the change 
in loading p a t t e r n f rom that shown in F ig . I .B.2a to that shown i n F i g . I .B .2b , 
in a c e n t r a l reg ion of the co re connprising 76 d r a w e r s pe r half ( see 
F i g . I .B.3) , was 93.06 Ih (0.203% Ak/k ) . The s a m e m e a s u r e m e n t p e r f o r m e d 
with nine c e n t r a l d r a w e r s pe r half gave 11.53 Ih. The r e a c t i v i t y change a s ­
soc ia t ed with such changes in loading p a t t e r n was a l s o ca l cu l a t ed by a p r o ­
c e d u r e d i s c u s s e d e l s e w h e r e . * The ca lcu la ted va lues w e r e 63.81 and 8.07 Ih 
for the change in the 76 and in the 9 d r a w e r s pe r half, r e s p e c t i v e l y . 

SS PLATE (1/16), 

FejOjd/ai 

r U - 2 3 5 (1/16) 

/U-23e (1/8) 
/ F e j C j (1/8)/SECTION 

SS MATRIX 
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F e j 0 j ( i / 8 ) - v 

- U - 2 3 5 (1/16) 

r U-238 (1/8) 

^Ty^ 
F e , 0 , (1/8) 

lysS^ww^N 

A-VVVW,',''-:^ 

^ s 

=^^ 

,SS MATRIX 

(b) 

Fig. I.B.2 

(a) Normal Drawer Loading Pattern, 
(b) Bunched Drawer Loading Pattern, 
and (c) Isolated SS Loading Pattern 

Haiam, R. A., et al.. Trans. ANS 11, 597 (1968). 
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TABLE I.B.5. Homogenous and Cell-averaged Op and Corresponding 0(- of 
" ' U for the Three Loading Pat terns of Assembly 6 of ZPR-6 

E n e r g y 

G r o u p 

11 

12 

13 
14 

15 

16 
17 

18 

19 
20 
21 

22 

H o m o g 

^P 
(b) 

4 8 . 6 9 
4 0 . 7 5 

5 1 . 9 7 

6 9 . 5 3 

107 .3 

9 1 . 1 3 
5 8 . 0 2 

5 6 . 3 0 
57 .27 

60 .09 
6 4 . 5 0 

67 .04 

e n o u s ^ 

Oc 
(b) 

0 . 4 3 5 7 

0 . 5 5 0 2 

0 .6721 

0 . 8 2 0 6 

1.048 
1.097 

0 . 9 7 2 4 
1.117 

1.203 
1.147 

1.676 

2 .129 

N o 

Op 

(b) 

38 .63 
34 .37 

4 0 . 3 7 

4 7 . 3 8 

53 .58 

4 9 . 6 9 
4 2 . 4 0 
4 2 . 1 0 

4 2 . 5 6 
4 3 . 7 2 

4 5 . 0 9 
4 5 . 7 1 

r m a l b 

Oc 

(b) 

0 . 4 2 2 3 

0 . 5 3 1 3 

0 . 6 4 2 6 

0 . 7 6 9 0 

0 .9121 
0 . 9 4 6 7 

0 . 8 7 0 2 
0 .9874 

1.035 
0 .9810 

1.339 
1.701 

Bunc 

Op 
(b) 

32 .41 
3 0 . 4 8 

33 .37 

36 .02 

37 .29 

36 ,69 

34 .91 
35 .22 

3 5 . 6 6 

36 .59 
38 .44 
39 .57 

h e d c 

Oc 

(b) 

0 . 4 0 1 1 
0 . 5 0 5 2 

0 .6021 

0 . 7 0 3 0 
0 .8134 

0 .8394 
0 .7867 

0 .8885 
0 .9174 

0 . 8 7 6 8 

1.181 
1.526 

I s o l a t e d SS^ 

Op 
(b) 

36 .43 
32 .95 

37 .70 

4 2 . 6 4 

4 6 . 4 6 

4 4 . 3 6 
39 .37 

39 .38 
39 .80 

4 0 . 7 6 

4 2 . 0 3 
4 2 . 6 8 

Oc 

(b) 

0 . 4 2 0 1 

0 . 5 2 8 6 

0 . 6 3 7 5 

0 . 7 5 7 9 
0 .8884 

0 . 9 1 9 9 

0 . 8 5 1 3 

0 .9649 
1.006 

0 . 9 5 3 4 

1.288 
1.642 

All mater ia ls homogenized. 
^Loading pattern of Fig. I.B.2a. 
^Loading pattern of Fig. I.B.2b. 
*lLoading pattern of Fig. I.B.2c. 

B D. P CONTROL ROD (CONTROL ROD DRAWERS WERE 
NOT euNCHED) 

D INSERTION SAFETY ROD (DARK AREA REPRESENTS 
6-10) 

Fig. I.B.3. Half-core of Assembly 6 
of ZPR-6 

The m e a s u r e d change in r e a c t i v i t y 
c o r r e s p o n d i n g to the change in loading p a t ­
t e r n f r o m tha t in F i g . I .B .2a to F i g . I .B .2c , 
in a s q u a r e r eg ion c o m p r i s i n g the 25 c e n t r a l 
d r a w e r s p e r half, was 4.47 Ih. The c a l c u ­
la ted va lue for such change was 2.99 Ih. 

In addi t ion to the m e a s u r e m e n t s of 
l o a d i n g - p a t t e r n effects on the r e a c t i v i t y of 
the s y s t e m , an independen t s e r i e s of e x p e r i ­
m e n t s , m e a s u r i n g the f i s s ion r a t e s in U 
and ^"U a s we l l a s the c a p t u r e r a t e s in ^^'U, 
w a s nnade a s a funct ion of pos i t ion in the 
uni t c e l l . Such i n t e g r a l m e a s u r e m e n t s p r o ­
vided t e s t s to ver i fy the ad eq u acy of the 
m e t h o d s for p r e d i c t i n g the s p a t i a l fine s t r u c ­
t u r e of the f luxes in the uni t c e l l . (It should 
be noted tha t the de t a i l ed s h a p e s of the f luxes 
have a s ign i f i can t in f luence on the s p a t i a l l y 
a v e r a g e d c r o s s s e c t i o n s . ) 

D e p l e t e d - u r a n i u m foils (0.2% e n r i c h m e n t , 5 m i l s t h i ck by 
5 / 8 in. in d i a m e t e r ) and ^'^U foils (93% e n r i c h m e n t , 4 .5 m i l s th ick by 3 / 8 in . 
in d i a m e t e r ) w e r e p l aced at c o r r e s p o n d i n g l o c a t i o n s about the c e n t e r of the 
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c o r e in the two ha lves of the Z P R - 6 m a c h i n e . * The foils w e r e p l aced b e ­
tween the adjoining s u r f a c e s of a l l the p la te s in the uni t c e l l . All foi ls w e r e 
i r r a d i a t e d for one hour at a power l eve l of about 50 W. After five h o u r s of 
i r r a d i a t i o n , the ac t iv i t i e s of the "^U foils w e r e counted for f i s s ion f r a g m e n t s 
(counting g a m m a s with e n e r g i e s above 0.41 MeV) and for c a p t u r e by coun t ­
ing the 106-keV g a m m a s f rom exci ted ^ " P u in co inc idence wi th X r a y s p r o ­
duced by i n t e r n a l K - c o n v e r s i o n e l e c t r o n s . The 5-hr wai t ing p e r i o d w a s 
n e c e s s a r y to allow sufficient tinne for the buildup of ^^'Np f rom ^ " U . The 

U foils w e r e counted for f iss ion f r a g m e n t s in a s i m i l a r m a n n e r to the 
238 

U foi ls . A few foils w e r e r a d i o c h e m i c a l l y ana lyzed for the a b s o l u t e n u m ­
b e r of f i s s ions in ^̂ ^U and abso lu te n u m b e r of f i s s ions and c a p t u r e s in ^^'U. 
The r a d i o c h e m i c a l r e s u l t s w e r e used to obtain efficiency f a c t o r s to c o n v e r t 
the r e s t of the data to abso lu te n u m b e r s . I r r a d i a t i o n s of the ^^'U and ^'^U 
foils w e r e p e r f o r m e d in each of the loading p a t t e r n s shown in F i g . I . B . 2 . 

r i ched 
In ano ther e x p e r i m e 
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o' 
D 
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3 

Fig. I.B.4. Measured and Calculated Values of 235(j 
Fission Rate, ̂ ''^U Fission Rate, 238u Cap­
ture Rate, and Their Ratios in "Normal" 
l/)ading of Assembly 6 of ZPR-6 

n t , a 2 x 2 X l / l 6 - i n . p l a t e of 9 3 % e n -

p l a t e of d e p l e t e d u r a n i u m ( 0 . 2 % e n ­

r i c h e d ) t h a t w e r e n o r m a l l y in t h e c o r e 

w e r e r e p l a c e d by p a c k e t s of f o i l s 

e q u i v a l e n t i n w e i g h t a n d e n r i c h m e n t 

t o t h e t w o p l a t e s . T h i s a r r a n g e m e n t 

p r o v i d e d m e a n s by w h i c h t h e s p a t i a l 

d i s t r i b u t i o n of t h e f l u x e s w i t h i n t h e 

f i s s i l e a n d f e r t i l e p l a t e s c a n b e v e r i ­

f i ed by m e a s u r i n g t h e c a p t u r e a n d 

f i s s i o n r a t e s . T h e p a c k e t s w e r e i r ­

r a d i a t e d i n t h e m a n n e r d e s c r i b e d 

e a r l i e r . F r o m e a c h of t h e 2 x 2 x 

0 . 0 0 5 - i n . f o i l s c o m p r i s i n g t h e p a c k e t s , 

a 5 / 8 - i n . - d i a fo i l w a s p u n c h e d o u t 

f r o m t h e c e n t e r a n d c o u n t e d . T h i s 

p r o c e d u r e e l i m i n a t e d a n y r e q u i r e m e n t 

f o r e d g e - e f f e c t c o r r e c t i o n s . 

T h e r e s u l t s a r e s h o w n in 

F i g s . I . B . 4 t h r o u g h I . B . 7 . F i g u r e I . B . 4 

s h o w s , a c r o s s t h e n o r m a l - l o a d i n g -

p a t t e r n c e l l , t h e m e a s u r e d a n d c a l ­

c u l a t e d f i s s i o n r a t e s in " ^ U a n d " ' U , 

t h e c a p t u r e r a t e s i n " ' U , t h e r a t i o of 

f i s s i o n i n " * U t o f i s s i o n in " ^ u , a n d 

'^^235^ '^° °^ ' = ^ P ' " ' ' e i n " ' U t o f i s s i o n 

i n U. T h e c a l c u l a t e d f i s s i o n r a t e s 

i n " U a n d " ^ U w e r e o b t a i n e d u s i n g 

t h e c e l l n u x e s f r o m t h e S N A R G - I D 

c o d e , * * w i t h 3^S a n d m o d i f i e d G a u s s i a n 

*Kato, W. y. . et al.. ANL-6271 (1963). **Duffy, G. J., et al., ANL.7221 (1966). 
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q u a d r a t u r e s , * and c r o s s s ec t i ons in Set Z P R - 6 - 6 E N D F / B - A . The c a p t u r e 
r a t e s in " ^ u w e r e ca l cu l a t ed in a s inni lar m a n n e r excep t tha t the c r o s s s e c ­
t ions u s e d outs ide the s l abs conta ining " ' U w e r e i n f in i t e -d i l u t i on c r o s s s e c ­
t i o n s . The c r o s s s ec t i ons for the s l abs conta in ing " ° U w e r e t h o s e of 
Z P R - 6 - 6 E N D F / B - A in which s e l f - sh i e ld ing w a s accoun ted for by e q u i v a ­
l ence t h e o r y . Ca lcu la t ions r e p o r t e d in F i g s . I .B .5 , I .B .6 , and I .B .7 w e r e 
obta ined in a s i m i l a r m a n n e r . 

It is s een f rom F ig . I .B.4 that the t r a n s p o r t c a l c u l a t i o n s 
u n d e r p r e d i c t the d e c r e a s e in the "^V f i s s ions about the l / l 6 - i n . p l a t e of 
"^U. The ca l cu la t ed spa t i a l d i s t r i b u t i o n of the " ' U f i s s ion r a t e s i s in fa i r 
a g r e e m e n t with the m e a s u r e m e n t s . The m e a s u r e d and c a l c u l a t e d c a p t u r e 
r a t e s in ^^'U a r e in a p p a r e n t a g r e e m e n t a l though the s t ep - func t i on d e s c r i p ­
t ion of the "^V c a p t u r e c r o s s sec t ions would not r e f l ec t flux d e p r e s s i o n in 
the v ic in i ty of the "*U p l a t e s . (Note that the point of n o r m a l i z a t i o n is 
a r b i t r a r y . ) The ca lcu la ted r a t io of f i ss ion in ^^'U to f i s s ion in ^'^U is o v e r ­
e s t i m a t e d by about 15%. 

The a c c u r a c i e s in d e t e r m i n i n g the abso lu te f i s s ion r a t e s 
in ^^^U, in "^U, and c a p t u r e s in ^'"U a r e , r e s p e c t i v e l y , about 2, 5, and 5%. 

F i g u r e I .B.5 shows the r e l a t i v e f i ss ion and c a p t u r e r a t e s 
in the l / S - i n . ^̂ *U pla te as we l l as the f i s s ion r a t e s in the l / l 6 - i n . "^U 
p la t e obtained by s imu la t i ng the p l a t e s with p a c k e t s of foils in the n o r m a l 
loading p a t t e r n . It i s seen that the d i s t r i b u t i o n s of the c a l c u l a t e d and m e a -
sur.ed f i s s ion r a t e s a r e in fair a g r e e m e n t al though some d i s c r e p a n c i e s 
w e r e noted. F u r t h e r m o r e , t h e r e is about 10-15% d r o p in the c a p t u r e r a t e s 
of U in the p la te on the s ide of the FejOs p la te due to s e l f - s h i e l d i n g ; such 
a d r o p is absen t on the s ide of the U p la te due to the shadowing effect of 
the ^'^U p la te on the ^'*U p la te , fu r the r i n c r e a s i n g the doubt about the va l id i ty 
of equ iva lence theo ry to handle th is s i tua t ion . 

F i g u r e s I .B.6 and I .B.7 show the spa t i a l d i s t r i b u t i o n s of the 
r e a c t i o n r a t e s and r a t i o s in the unit ce l l of the bunched loading p a t t e r n and 
the i so la ted s t a i n l e s s s t ee l loading p a t t e r n . The ca l cu l a t ed v a l u e s w e r e o b ­
ta ined in the s a m e m a n n e r d e s c r i b e d e a r l i e r . As in the c a s e of the n o r m a l 
loading p a t t e r n , the ca l cu la t ed r a t i o s of f i s s ion in ""U to f i s s ion in ^'^U and 
of c a p t u r e in ^^*U to f i ss ion in "^U w e r e , r e s p e c t i v e l y , l o w e r and h i g h e r than 
the m e a s u r e d v a l u e s . F u r t h e r m o r e , the ca l cu la t ed f i s s ion r a t i o s for t h e s e 
c a s e s w e r e only 5% lower than the m e a s u r e m e n t s , which m a y be c o m p a r e d 
with 10% for the n o r m a l - l o a d i n g c a s e . Th i s m a y be a s s o c i a t e d wi th t he 
fact that the o n e - d i m e n s i o n a l t r a n s p o r t c a l cu l a t i ons do not accoun t for 
s t r e a m i n g a c c u r a t e l y . (The sod ium channe l s in the bunched and i s o l a t e d 
s t a i n l e s s s t ee l c a s e s w e r e wider than in t h e - n o r m a l c a s e when one c o n s i d e r s 
two adjacent unit c e l l s . ) 

•Meneghetti, D.. Nucl. Sci. Eng. U, 295(1962). 
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(ii) Relative Reactivities of Homogeneous, Pel let-heterogeneous, 
and Plate-heterogeneous Samples. The relati%'e reactivity worths of a nomi­
nally 2-in. cube, plate, and rodded and homogeneous samples, were measured 
in Assembly 6 of ZPR-6 . The compositions of all the samples were essen­
tially the same (see Table I.B.6). The plate-type sample had the loading 
pat tern of Fig. I.B.Za. All sannples were encased in a 1.90 x 1.90 x 2.00-in. 
Type 304 stainless steel cans of 0.015-in. wall thickness. The homogeneous 
samples were mixtures of UO2 (16.42% enrichment) powder and sodium or 
of UOj, sodium, and stainless steel powder, the latter to mockup the stain­
less steel tubes in the rodded samples. The stainless steel and UO2 powders 
were blended together and sintered; the part icle size of the blend was such 
that only about 53% of the volume would be used when packed under vibra­
tion. The empty volume fraction was filled with sodium. Tests conducted 
with X rays , as well as an actual opening of one can, revealed that the mix­
ture was quite homogeneous. The rodded sannples consisted of 0.25-in.-dia 
by l /2 -5 /8 - in . - long pellets inserted in 36-tube calandria cans. The pellets 
consisted of two enrichments, 19.947 and 15.861%, prorated to give an aver­
age enrichment of 16.43%. A test of the reactivity worth of UOj with both 
enrichments and the two connbined showed that the assumption of linear 
dependence was adequate. 

TABLE I.B.6. Samples Used in Study of Heterogeneity Effects 

N o . 

1 

2 

3 

4 

9 
8 

l l A 
I I B 
I I A 
U B 
2 0 A 
2 0 B 

Sample 

Type 

HonTogcneous 
Homogeneous 
Homogeneous 
Homogeneous 
Homogeneous 

P e l l e t 
P e l l e t 
P e l l e t 
P l a t e 
P l a t e 
P l a t e 
P l a t e 

S ta in less 

Sample 

58.00 
57.97 

-
-
-

60.39 
61.17 
61.17 
45.18 
45.18 
45.35 
45.35 

Steel 

C a n 

46.10 
46.18 
46.36 
46.36 
46.05 
46.00 
46.00 
46.00 
46.08 
46.08 
34.25 
34.25 

Compo 

F e 

45.74 
45.72 

-
-
-
-
-

32.31 
46.28 
46.28 
46.88 
46.88 

s i t ion (g) 

Total 
SS t Fe 

149.84 
149.87 

• 46.36 
46.36 
46.05 

106.39 
107.17 
139.48 
137.54 
137.54 
126.29 
126.29 

Na 

_ 
52.89 

-
-

69.17 
41.33 

-
-

42.94 

-
-

42.94 

UO2 

392.87 
392.66 
452.00 
392.87 
392.87 
392.65 
392.60 
392.60 
399.29 
399.29 
403.36 
403.36 

E n r i c h m e n t 
of UOj 

(w/o "»U) 

16.42 
16.42 
16.42 
16.42 
16.42 
16.42 
16.42 
16.42 
16.41 
16.41 
16.40 
16.40 

T h e r e a c t i v i t y of a s a m p l e was m e a s u r e d r e l a t i v e to void 
by the p e r i o d m e t h o d (at l e a s t 5 t i m e s ) ; the r e l a t i v e w o r t h of tha t s a m p l e 
w a s then m e a s u r e d r e l a t i v e to o t h e r s a m p l e s us ing an o s c i l l a t o r in con ­
j u n c t i o n wi th an a u t o r o d . The a u t o r o d was c a l i b r a t e d d i f f e r en t i a l l y and 
i n t e g r a l l y " o n - l i n e " with the a id of a code r e c e n t l y d e v e l o p e d . * 

*Cohn, C. E.. Trans. ANS 11(2) (1968). 
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I n a d d i t i o n t o t h e r o d d e d s a m p l e s u s e d f o r o s c i l l a t i o n , t h e r e 

w e r e 2 6 ( 2 . 0 0 x 2 . 0 0 x 3 . 1 7 - i n ) c a l a n d r i a c a n s w i t h w h i c h a r o d d e d z o n e w a s 

b u i l t a r o u n d t h e s a m p l e b e i n g o s c i l l a t e d a t t h e c e n t e r of t h e c o r e . T h i s 

r o d d e d z o n e c o m p r i s e d t h e f i r s t 3 i n . of 13 d r a w e r s in e a c h h a l f of A s s e m ­

b l y 6 . T h e r e l a t i v e r e a c t i v i t y w o r t h s of t h e p l a t e , r o d d e d , a n d h o m o g e n e o u s 

s a m p l e s w e r e m e a s u r e d in t h e r o d d e d - z o n e e n r i v o n m e n t a s w e l l . 

T h e r e s u l t s a r e g i v e n i n T a b l e I . B . 7 . A l l s a m p l e s w e r e 

m e a s u r e d r e l a t i v e t o h o m o g e n e o u s S a m p l e N o . 3 , w h i c h w a s m e a s u r e d 

r e l a t i v e t o v o i d by t h e p e r i o d m e t h o d . T h e e r r o r s l i s t e d r e f l e c t t h e r e l a ­

t i v e e r r o r s a s s o c i a t e d w i t h t h e o s c i l l a t i o n m e t h o d a n d n o t t h e p e r i o d m e t h o d . 

T h e v a l u e s l i s t e d f o r s a m p l e s w i t h o u t s o d i u m c o n t a i n m i n o r c o r r e c t i o n s a c ­

c o u n t i n g f o r s m a l l d i f f e r e n c e s i n c o m p o s i t i o n b e t w e e n h o m o g e n e o u s S a m ­

p l e N o . 1 a n d t h e r e s t . T h e v a l u e s fo r t h e s a m p l e s w i t h s o d i u m h a v e b e e n 

n o r m a l i z e d t o t h e c o m p o s i t i o n of h o m o g e n e o u s S a m p l e N o . 2 . T h e c o r r e c ­

t i o n s w e r e p r o r a t e d l i n e a r l y a c c o r d i n g to t h e w o r t h of t h e m a t e r i a l i n i t s 

p a r t i c u l a r g e o m e t r y . F o r e x a m p l e , t h e w o r t h of s t a i n l e s s s t e e l p o w d e r w a s 

o b t a i n e d f r o m t h e r e l a t i v e w o r t h s of h o m o g e n e o u s S a m p l e s N o s . 1 a n d 4 . 

TABLE I .B .7 . M e a s u r e d Reac t iv i ty Wor ths at 
C e n t e r of A s s e m b l y 6 of Z P R - 6 

Sample Wor th R e l a t i v e 
to Void (Ih)a 

Sample Sample 
No. Type 

1 Homogeneous with SS, no Na 
1 IB P e l l e t , no Na 
1 IB P l a t e , no Na 
20A P l a t e , no Na 

2 Homogeneous with Na and SS 
20B P l a t e with Na 

8 P e l l e t with Na 

N o r m a l P l a t e 
E n v i r o n m e n t 

1.364 ± 0.003 
1.351 ± 0.004 
1.369 ± 0.005 

-
1.361 ± 0.002 
1.359 ± 0.003 
1.347 ± 0.003 

P e l l e t 
E n v i r o n m e n t 

1.379 ± 0 .002 
1.345 ± 0.003 

-
1.367 ± 0 .003 

1.375 ± 0 .003 
1.367 ± 0.003 
1.359 ± 0.003 

^ 1 % Ak/k = 458 Ih. 

I t i s s e e n f r o m T a b l e 1.B.7 t h a t t h e r e l a t i v e r e a c t i v i t i e s 
of t h e p l a t e , a n d t h e r o d d e d a n d h o m o g e n e o u s s a m p l e s a r e e s s e n t i a l l y t h e 
s a m e . I t a p p e a r s t h a t t h e v a r i o u s e f f e c t s , s u c h a s t h e i n c r e a s e i n c a p t u r e 
i n " ^ U a n d f i s s i o n in ^'^U i n t h e h o m o g e n e o u s s a m p l e s r e l a t i v e to t h e h e t ­
e r o g e n e o u s s a m p l e s , l a r g e l y c a n c e l . 

In a s e p a r a t e e x p e r i m e n t , t h e f i r s t 3 - i n . p l a t e - l o a d e d s e g ­
m e n t s in 26 d r a w e r s w e r e r e p l a c e d w i t h 26 ( 3 - i n . ) p e l l e t c a n s a t t h e c o r e 
c e n t e r . T h e r e l a t i v e r e a c t i v i t y d i f f e r e n c e fo r a l l 2 6 c a n s w a s o n l y 1.61 I h . 
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PELLET STACKS 

Fig. I.B.8. 

T h e f i s s i on r a t e s in ^"U and f i s ­
s ion and c a p t u r e r a t e s in U w e r e m e a ­
s u r e d in the 3 - in . c a l a n d r i a c a n s . Dep le ted 
and 93% e n r i c h e d uraniunn foils (of 0 .25 - in . 
d i a m e t e r ) w e r e p l a c e d b e t w e e n the l a s t 
two p e l l e t s in tubes a long the d iagona l l ine 
of the c a l a n d r i a . In one tube t h e r e w e r e 
no p e l l e t s and t h e r e f o r e the foil was p l aced 
at the bo t t om. T h e foi ls w e r e i r r a d i a t e d 
and a n a l y z e d in the m a n n e r d e s c r i b e d 
e a r l i e r . The r e s u l t s a r e shown in 
F i g . I . B . 8 . 

It is s e e n f rom F i g . I .B .8 that the 
s p e c t r u m in the empty tube is s ign i f ican t ly 
sof te r in the h i g h - e n e r g y g r o u p s ( f iss ion 
in ^"U) than that in the pe l l e t - f i l l ed t u b e s . 
F u r t h e r m o r e , the c a p t u r e s in the ^"U foil 
in the empty tube a r e a l s o h ighe r than the 
a v e r a g e c a p t u r e s in a foil " s a n d w i c h e d " 

b e t w e e n two p e l l e t s . T h i s i n d i c a t e s that t h e r e a r e h e t e r o g e n e i t y effects in 
the r o d d e d s a m p l e s ; yet t h e s e effects c o m b i n e in such a way that the r e a c ­
t i v i t i e s of t he rodded , p l a t e , and honnogeneous s a m p l e s tend to e q u a l i z e . 

(iii) Reac t i v i t y W o r t h s of ' " U and '^ 'U a s a Func t ion of 
T h i c k n e s s . T h e c a l i b r a t e d au to rod was u s e d in the m e a s u r e m e n t of the 
r e a c t i v i t y w o r t h s of ^"U and ^"U as a function of s a m p l e t h i c k n e s s . The 
s a m p l e s w e r e 0 . 0 0 5 - i n . - t h i c k foils with a nomina l a r e a of 4 in. s q u a r e , 
s t a c k e d t o g e t h e r , and p laced in a 2 x 2 x 2 - in . s t a i n l e s s s t e e l can on a 
l / ' 32 - in . w i r e r a c k tha t s u p p o r t e d the s a m p l e s at 1 in. f rom the bo t tom of 
the can . The sannples w e r e o s c i l l a t e d r e l a t i v e to an empty s t a i n l e s s s t e e l 
can wi th w i r e r a c k s . In the c a s e of ^"U, the r e a c t i v i t y w o r t h a s a function 
of s a m p l e t h i c k n e s s was a l s o m e a s u r e d in the exac t e n v i r o n m e n t of the 
n o r m a l c o r e - l o a d i n g p a t t e r n . T h i s p a r t i c u l a r m e a s u r e m e n t c o m p r i s e d the 
o s c i l l a t i o n of 2 x 2 x 2 - in . s t a i n l e s s s t e e l c a n s , r e l a t i v e to each o t h e r , 
l o a d e d in the s a m e m a n n e r a s in the c o r e and con ta ined the s a m e m a t e r i a l s 
excep t for ^ ' 'U, which w a s p r e s e n t in one can only. The r e s u l t s a r e g iven 
in T a b l e I . B . 8 . 

Diagonal Cross Section of 
Pellet Can 

On the b a s i s of the r e s u l t s shown in T a b l e I .B .8 the fol­
lowing r e m a r k s can be m a d e : 

(1) S e l f - s h i e l d i n g in U is s ign i f ican t in the c o r e e n v i r o n ­
m e n t but a b s e n t in the 2 x 2 x 2 - in . cavi ty at the c o r e c e n t e r . 

(2) The fas t h e t e r o g e n e i t y effect i s n o t i c e a b l e in the w o r t h s 
of the 16 foils of ^ ' 'U s u s p e n d e d in the e m p t y s t a i n l e s s s t e e l can. 

(3) S e l f - s h i e l d i n g in U is s ign i f i can t . 
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TABLE I.B.8. Reactivity Worths of "*U, " ' U , Iron, 
and Nickel as a Function of Sample Thickness 

No. of Total Foil Specific Worth 

Material and Environment Foils Wt (g) Worth (Ih) (Ih/kg Material) 

93% Enriched Uranium Foils 1 4.638 +0.1857 + 0.0019 +40.04 ±0.41 
Suspended in a 2 X 2 X 2-in. 2 9.002 +0.3619 4 0.0018 +40.20 +0.20 
Empty Stainless Steel Can 5 23.059 +0.9266 + 0.0016 +40.18 ±0.07 

16 73.634 +3.039 ±0.010 +41.14 ±0.14 

93% Enriched Uranium Foils 1 4.511 +0.2110 ±0.002 +46.66 ±0.44 
in Plate-type Heterogeneous 2 9.221 +0.406 + 0.002 +44.06 ± 0.22 
Cans Identical to Core- 5 22.950 +0.969 ± 0.020 +42.22 ± 0.87 
loading Pattern 8 36.851 +1.544 ±0.020 +42.17 ±0 .54 

14 64.349 +2.682 ± 0.020 +41.68 ± 0.31 

l / l 6 - i n . Plate 61.491 +2.567 ±0.020 +41.75 ±0.31 

Depleted-uranium Foils 1 5.913 -0.0252 ± 0.0017 -4.262 ± 0.288 
Suspended in a 2 X 2 X 2-in. 2 11.739 -0.0429 ± 0.0021 -3.654 ±0.179 
Empty Stainless Steel Can 5 28.977 -0.1034 ± 0.0016 -3.568 ±0.055 

10 60.227 -0.2202 ± 0.0015 -3 .656 ± 0.025 
25 147.123 - 0 . 5 1 3 6 + 0 . 0 0 1 8 -3 .491 ± 0 . 0 0 9 

2 X 2 X 1-in. Block 1153.58 - 3 . 7 6 4 + 0 . 0 1 - 3 . 2 6 3 ± 0 . 0 0 9 

(iv) Conclusions. The extensive measurements of heterogeneity 
effects conducted with Assembly 6 of ZPR-6 show that the theoretical meth­
ods used can predict such effects qualitatively but not quantitatively. The 
sources of e r ro r s can be any or all of the following: (1) basic data 
( E N D F / B file), (2) nonapplicability of equivalence theory, and (3) use of a 
few (22) groups to obtain the spatial distribution of the fluxes with which 
the cross sections are averaged in the unit cell. It is unclear how much 
of the discrepancy should be attributed to the basic data. More work is 
required in refining and validating the calculational methods before defini­
tive conclusions could be drawn. 

b. Integral Studies of Large Systems (W. Y. Kato) 

Last Reported: ANL-7500, pp. 22-27 (Sept 1968). 

(i) Plutonium-alpha Measurements. Analysis of the null-
reactivity plutonium-alpha measurement made with ZPR-3 Assembly 55 
(see Progress Report for November 1968, ANL-7518, pp. 23-25) is in 
progress . Measurements were made in two different null zones. In each 
case the zones were made up of plates of plutonium metal, depleted ura­
nium, carbon, and the stainless steel in the matrix and drawers; in the first 
zone were the regular plutonium plates (which were 95% " ' P u ) , and in the 
second zone were plutonium plates containing approximately 22% "°Pu. 
The average homogenized atomic concentrations for the two zones a re 
given in Table I.B.9. 
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TABLE I.B.9. Average Atom Densities (x lO") 
in Null Zone 

Material 

C 
Al 
C r 
F e 
Ni 

ZJSjj 

"•u 
» 'Pu 
'«Pu 
" ' P u 

Zone 1 
(Regular Plutonium) 

0.037269 
0.000111 
0.001895 
0.006177 
0.000839 
0.000033 
0.015282 
0.001068 
0.000051 
0.000005 

Zone 2 
(22% '«Pu) 

0.033313 
0.000118 
0.002194 
0.007149 
0.000971 
0.000027 
0.012668 
0.000851 
0.000255 
0.000053 

The exact null compositions 
were determined by measuring the 
reactivity worths of small (Z x Z x 
2-in.) boxes containing plates of plu-
toniunn, depleted uranium, carbon, 
and stainless steel. The prelinninary 
values for the null-composition weight 
ratios are given in Table I.B.IO. The 
ratios relative to equivalent ^"Pu 
are given, and the equivalent ' " P u 
was obtained by using the calculated 
worths of the plutonium isotopes to 
convert the ' ' "Pu and " ' P u in the 

The null-composition weight ratios plutonium plates to equivalent Pu. 
a re very close to being in agreement with the average null-zone atom den­
sities listed in Table I.B.9. 

TABLE I.B.IO. Measured Null-composition 
Weight Ratios 

Material 
Zone 1 

(Regular Plutoniunn) 
Zone 2 

(22% ' "Pu) 

Equivalent " ' P u 
Depleted Uranium 
Carbon 
Stainless Steel 

1.000 
14.25 i 0.02 

1.737 
1.914 

1.000 
13.68 t 0.06 

1.780 
2.540 

It was not possible, because 
of pla te-s ize limitations, to 
load the null zone to the exact 
null compositions, however. 

(ii) Central Re-
activity Measurements . The 
measurements of central r e ­
activity worth routinely con­
ducted with ZPR-6 and -9 mater ia ls provide a convenient means of ver i ­
fying mater ia l c ross-sec t ion data sets in a part icular neutron spectrum if 
sample-s ize effects are accounted for correct ly. In this work, corrections 
to f i r s t -order perturbation theory incorpijrating self-shielding effects both 
inside and outside the sample, as well as scattering, fission, and edge-
effect perturbations, were made for each energy group. This method was 
applied to the analysis of the central-worth measurements in Assembly 6 
of ZPR-6. 

(a) Theory. The basic concept used was the calculation 
of the ratio of the actual average flux in the sample to the unperturbed flux 
for each energy group. This ratio was then used to multiply the components 
of 5k/k, i.e., absorption, fission, scattering, and leakage in each group, ob­
tained from f i rs t -order perturbation (FOP) calculations. The perturbed-
to-unperturbed flux ratio Rj in group i can be expressed as 

R; 
(2:a)iT0? (1) 

where Cj is the absorption rate in group i per unit surface area of a finite 
sample of thickness T, Z^i is the absorption cross section in group i, and 
0j is the unperturbed flux prior to the insertion of the sample. 
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The fo rmula t ion for Ci is b a s e d in p a r t on the s i n g l e -
s c a t t e r i n g t r e a t m e n t of B e c k u r t s and W i r t z . * We c o n s i d e r f i r s t the i n f in i t e -
s l ab p r o b l e m . F o r such a c a s e the n u m b e r of n e u t r o n s in g r o u p i which 
suffer t he i r f i r s t co l l i s ion in dx about x is 

P , i (x) dx = (0y2){E , [Z t i (T - x)] + E2(Ztix)} Zt i dx, (2) 

w h e r e E2( ) is the exponent ia l function of o r d e r 2, Zti i s the t o t a l c r o s s 
s ec t i on in group i, and T is the t h i c k n e s s of the s l a b . 

The f r ac t ion of the to ta l c o l l i s i o n s which l ead to a b ­
so rp t ion in group i i s given by ^ a i / Z t i , w h e r e a s the n u m b e r of n e u t r o n s 
b o r n into any g roup j due to a co l l i s ion in g roup i i s g iven by 

. ^ s i ^ , ^ X j ( v ^ f ) , (3j 
i~'J 7..-

J ^ t i 

The p robab i l i t y that a n e u t r o n i s o t r o p i c a l l y s c a t t e r e d in dx about x in the 
s a m p l e e s c a p e s without mak ing ano the r co l l i s ion i s 

i { E 2 [ Z t i ( T - x ) ] +E2(2 t i x )} ; 

t h e r e f o r e the n o n e s c a p e p robab i l i t y is 

B.(x) = 1 - i { E 2 [ Z t j ( T - x ) ] + E2(Ztjx)}, (4) 

and the n u m b e r of n e u t r o n s which suffer a second c o l l i s i o n in g r o u p j i s 

NG 
Pzi = Z Ai . j P,^(x)Bj(x) dx. (5) 

The symbo l NG d e s i g n a t e s the n u m b e r of g r o u p s . Note tha t the s u m m a t i o n 
ove r i = 1 to NG is done to a l low for f i s s ion n e u t r o n s c o n t r i b u t e d to the 
v a r i o u s g roups when the co l l i s ion ends in a f i s s ion . Now, g iven tha t a s econd 
co l l i s ion t a k e s p lace and a s s u m i n g tha t P ., an i n t e g r a l quan t i ty o v e r the 
s a m p l e , h a s a flat d i s t r i bu t i on , the n u m b e r of n e u t r o n s tha t suffer t h r e e co l ­
l i s i o n s is 

NG T 
P3J = I A i ^ j / (P^ i /T)Bj (x) dx, (6) 

Beckurts. K. H., and Wirtz, K., Neutron Physics, translated by L. Dresner, Spring-Verlag. New York (1964), 
pp. 239-246. 



w h i c h m a y be w r i t t e n as 

Psj = ^^ A , ^ J P , , B : , (7) 

w h e r e 

— rT 
B ] = j Bj(x) dx j dx 

In a s i m i l a r m a n n e r the n u m b e r of n e u t r o n s tha t u n d e r g o k c o l l i s i o n s a r e 

NG 

^kj 1 Ai^jl k-L >^j- (8) 

T h e to t a l n u m b e r of n e u t r o n s a b s o r b e d in the inf in i te 
s l a b of t h i c k n e s s T in g r o u p j a f t e r k c o l l i s i o n s can now be w r i t t e n as 
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j = < ^ a j 2 t j K l P , j ( x ) d x + X A i ^ j / P u ( x ) B j ( x ) d x 
l/o i = i •'o 

_ NG /NG 

+ Bj .Z ^ i- j Z A„^i 
1 = 1 \ n = i 

P,n(x)Bi (x) dx + . . . 

NG 

5j I A, TjPk-1 ,1 (9) 

The f o r e g o i n g d e v e l o p m e n t is r i g o r o u s wi th in the 
b r o a d - g r o u p a p p r o x i m a t i o n of the n e u t r o n s p e c t r u m for inf ini te s l a b s only . 
C o n s i d e r a t i o n s of n e u t r o n s tha t m a k e c o l l i s i o n s t h r o u g h the edge of a d i s k -
s h a p e d s a m p l e w a s t r e a t e d by H a n n a . * T h e i n c r e a s e in the n u m b e r of c o l ­
l i s i o n s due to t he f i n i t e n e s s of the s a m p l e can be r e p r e s e n t e d a s 

P k j = P k j ( l + e j ) (10) 

I 'here Pj^; i s t he n u m b e r of n e u t r o n s tha t suffer k c o l l i s i o n s in t he f ini te 
s a m p l e and e i s g iven by the e x p r e s s i o n 

e- = { 2 Z t j T / [ l - 2E3(ZtjT)]} (2/7rn){l[ZtjT - A(nZtjT)]}, (11) 

*Hanna, G. C , NucL Sci. Eng. 15, 325 (1963). 
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w h e r e 

n = 2 R / T = the r a d i u s - t o - t h i c k n e s s r a t i o . 

KS + iT) = (2, / 2 t j T ) r 
•^ 0 

-n/z •^ ' j ' ^ ' "®-[2/ (Zt jsec e)](i - / ^ t j ^ ' " !>.,,„. eat 

(12) 

a n d 

/ • 1 

A(nZtjT) = / E2(nZHT sin 0)d(cos 0). 
- ' 0 

(13) 

As the col l i s ion dens i ty i n c r e a s e s b e c a u s e of the finite s ize of the s a m p l e , 
so does the e s c a p e p robab i l i t y . The d e c r e a s e in the n o n e s c a p e p r o b a b i l i t y 
due to the f in i teness of s a m p l e is taken into accoun t by mu l t i p ly ing the 
quan t i t i e s B; of Eq. (4) by the r a t i o of the n o n e s c a p e p r o b a b i l i t i e s of the 
finite to the infinite s a m p l e s as obta ined f rom the r a t i o n a l a p p r o x i m a t i o n . 
Specif ical ly , this r a t i o can be w r i t t e n a s : 

K; = 

1 -

1 -

1 

4V 

^ •^/finite 
1 

4V 
1 + T ^ t j infinite 

1 -

1 + 

1 4- 2ZtjT 

(14) 

w h e r e V and S a r e the vo lume and s u r f a c e a r e a of the s a m p l e . 

F ina l ly , the effect of the s a m p l e on the flux ou t s ide 
the s ample m u s t be c o n s i d e r e d . The ou te r flux p e r t u r b a t i o n m a y be def ined 
as the r a t io of the flux at the s u r f a c e of the s a m p l e to the flux a t the s a m e 
point p r i o r to the in t roduc t ion of the s a m p l e . T h i s p e r t u r b a t i o n f ac to r can 
be e x p r e s s e d * as 

F i = (1 -h {i - EsIZtiT]} gi)->. 
(15) 

*Ritchie, R. H., and Eldridge, H. B., Nucl. Sci. Eng. 8, 300 (1960). 
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where the g factor can be approximated* by the relation 

gi = 1.05(RZti)- (16) 

The final relationship governing the number of neutrons 
absorbed per unit a rea in a c i rcular disk of radius R and thickness T in 
group j after k collisions can be written as 

C. = (Fj^ajAti)-
-T /-T 

P\-{x) dx + Y K j ^ i ^ j I P ; j (x )B. (x) dx 

_ / N G Xr^G rT 
Bj(^I K.A.^.j X_ K,A„̂ ^ j^ Pm('')B.(x) dx 

• > K.A. .1 + B k - i , i (17) 

E q u a t i o n (17) w a s u s e d in con junc t ion wi th Eq. (1) to ob ta in the a p p r o p r i a t e 
c o r r e c t i o n f a c t o r s to f i r s t - o r d e r p e r t u r b a t i o n c a l c u l a t i o n s . * * 

(b) C o m p a r i s o n of T h e o r y and M e a s u r e m e n t s . T h e f o r e ­
going t h e o r e t i c a l t r e a t m e n t of s e l f - s h i e l d i n g was u s e d to c a l c u l a t e the c e n ­
t r a l r e a c t i v i t y w o r t h s of v a r i o u s s a m p l e s whose w o r t h s had been m e a s u r e d 
in a l a r g e ox ide c o r e . A s s e m b l y 6 of Z P R - 6 . A s s e m b l y 6 w a s a 4 0 0 0 - l i t e r 
c y l i n d r i c a l c o r e r e f l e c t e d with 30 c m of d e p l e t e d u r a n i u m (0.2% e n r i c h m e n t ) . 

T h e r e a c t i v i t y w o r t h of a s a m p l e w a s m e a s u r e d by 
e i t h e r of two m e t h o d s : (1) If the r e a c t i v i t y of a s a m p l e was one inhour or 
m o r e , i t s w o r t h w a s d e t e r m i n e d by the p e r i o d m e t h o d , i . e . , m e a s u r i n g r e ­
p e t i t i v e l y the p e r i o d of a s l igh t ly above c r i t i c a l s y s t e m (-10 Ih) with and 
wi thou t (void) the s a m p l e at the c e n t e r of the c o r e . The a c c u r a c y of t h i s 
p r o c e d u r e i s t y p i c a l l y 0 .005 Ih. (2) The r e a c t i v i t y of a s m a l l s a m p l e w a s 
d e t e r m i n e d by o s c i l l a t i n g the s a m p l e r e l a t i v e to void and us ing a c a l i b r a t e d 
a u t o r o d . T h e a c c u r a c y i n h e r e n t in th i s t e c h n i q u e can be as low a s 0.001 Ih 
p r o v i d e d the a u t o r o d is a c c u r a t e l y c a l i b r a t e d . T h e sannples u s e d w e r e 
2 in . s q u a r e ( n o m i n a l l y ) by v a r i o u s t h i c k n e s s e s . 

T h e c a l c u l a t e d and m e a s u r e d v a l u e s for the c e n t r a l 
w o r t h s in A s s e m b l y 6 a r e c o m p a r e d in T a b l e I . B . l l . T h e t h i r d c o l u m n in 
T a b l e I . B . l l l i s t s t he c a l c u l a t e d v a l u e s ob ta ined by f i r s t - o r d e r p e r t u r b a t i o n 
( F O P ) t h e o r y * and c r o s s s e c t i o n s e t 224.^ V a l u e s in p a r e n t h e s e s w e r e 

* Reactor Physics Constants, Sect. 9, ANL-5800 (1963). 
• • Menely. D. A., et al., ANL-7223 (1966). 

tO'Shea, D. M., et al., Trans. ANS 2. 242 (1964). 
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obtained with Set ZPR-6-6 E N D F / B - A generated specifically for Assem­
bly 6. The FOP values were corrected for self-shielding according to 
Eq. (17) with the number of consecutive scatterings terminated after 5, 
and the results are listed in the fourth column. The measured values a re 
listed in the last column. 

T A B L E I . B . l l , M e a s u r e d and C a l o i l a t e d C e n t r a l R e a c t i v i t y W o r t h s in A s s e m b l y 6 of Z P R - 6 

C a l c u l a t e d W o r t h , a (Ih)h 

M a t e r i a l 

Fe 
Ni 
C r 
Na 
' "B 
T i 
Z r 
Nb 
Mo 
Al 
C 
Be 
"»U 
"»U 
JJBu 
"'V 

"»u 
"«u 
"=u 
"'u 
235^ 

S a m p l e 
Weight 

(g) 

488 .0 
546.0 
220 .73 

51.38 
29 .29 
90 .42 

406.0 
481 .2 
599.0 
165.33 
103.0 
114.31 

5.913 
11.739 
28 .977 
60 .227 

147.123 
1153.580 

4 .511 
22 .950 
61.491 

F i r s t - o r d e r 
P e r t u r b a t i o n 

( F O P ) 

F O P C o r r e c t e d for 
S e l f - s h i e l d i n g 

M e a s u r e d W o r t h 

(Ih) 

- 0 . 4 5 0 
- 0 . 8 3 3 
- 0 . 2 2 2 
+0 .013 

- 2 3 . 2 0 9 
+0.026 
- 0 . 4 4 3 
- 3 . 5 2 5 
- 3 . 1 1 5 
- 0 . 1 2 2 
+0 .366 
+1 .304 
- 0 . 0 2 5 2 

- 0 . 0 4 2 9 
- 0 . 1 0 3 
- 0 . 2 2 0 
- 0 . 5 1 4 
- 3 . 7 6 4 
+0 .186 
+0 .947 
+2 .567 

± 0 .004 
± 0 .008 
± 0 .008 
± 0 .008 
± 0 .010 
± 0 .013 
± 0 .007 
± 0 .007 
± 0 .021 
± 0 .010 
± 0 .002 
± 0 .003 
± 0 .002 
± 0 .002 
± 0 .002 
± 0 .002 
± 0 .002 
± 0 .003 
± 0 .002 
± 0 .002 
t 0 .020 

-0.745<: 
- 1 . 0 6 9 
- 0 . 3 6 3 
- 0 . 0 2 3 

- 3 3 . 0 1 5 
- 0 . 0 4 5 
- 0 . 4 6 4 
- 5 . 2 5 9 
- 3 . 8 8 8 
- 0 . 2 7 9 
+0.036 

- 0 . 0 2 1 1 
- 0 . 0 4 2 0 
- 0 . 1 0 3 7 
- 0 . 2 1 5 
-0.526 
- 4 . 1 3 2 

( -0 .658)d 
( -0 .721) 
( -0 .403) 
(+0.002) 
( -32 .842) 

( -6 .211) 
( -0 .204) 
(+0.060) 
( -0 .4711) 
( -0 .0248) 
(-0.0493) 
( -0 .1216) 
( -0 .253) 
( -0 .617) 
(-4.838) 
(+0.191) 
(+0.969) 
(+2.596) 

-0.646 
-0.929 
-0.352 
-0.033 
21.945 
-0.061 
-0.425 
-4.290 
-3.165 
-0.263 
+0.042 

-
-0.0211 

-
-
-
-
-
-
-
-

(-0.561) 
(-0.748) 
(-0.369) 
(-0.004) 
(-22.145) 

-
-
-

(-4.371) 
(-0.192) 
(+0.066) 
(-0.352) 
(-0.0248) 
(-0.0494) 
(-0.122) 
(-0.255) 
(-0.623) 
(-3.710) 
(+0.190) 
(+0.986) 
(+2.665) 

a c a l c u l a t e d wi th o n e - d i m e n s i o n di f fus ion t h e o r y ( s e e R e a c t o r P h y s i c s C o n s t a n t s . A N L - 5 8 0 0 
(1963) , S e c t . 9) . 

' ' 1 % Ak/k = 458 Ih. 
^ V a l u e s o b t a i n e d f r o m c r o s s s e c t i o n se t 224 ( s e e D. M. O ' S h e a et al . T r a n s ANS 7 242 

(1964)) . 
'^Values in p a r e n t h e s e s ob t a ined f r o m E N D F / B p a r a m e t e r s . 

It is seen from Table I .B. l l that a significant improve­
ment in the agreement between the calculated and measured values results 
as a consequence of the self-shielding corrections. Note that for '°B, for 
which the cross sections are smooth with energy, the agreement between 
the calculated and measured value is very good. For ^^'u, which has many 
resonances, the agreement with measurements is good for the thinnest and 
thickest samples. This may be due to negligible self-shielding in the 
thinnest sample and to a small contribution from resonance neutrons to 
the total worth of the large sample. The calculated values for iron, chro­
mium, niobium, aluminum, and molybdenurh are somewhat higher than the 
measured values. This discrepancy could very well be due to the inade­
quacy of the multigroup approximation to the neutron spectrum in the 



r e s o n a n c e e n e r g y r a n g e r a t h e r than to i n a c c u r a c i e s in b a s i c d a t a . In the 
c a s e of n i c k e l , E N D F / B da t a s e e m to r e s u l t in low v a l u e s for the c r o s s 
s e c t i o n s . F o r m o l y b d e n u m , the E N D F / B va lue s a r e s ign i f ican t ly d i f fe ren t 
f r o m t h o s e of c r o s s s e c t i o n se t 224. The c a l c u l a t e d and m e a s u r e d v a l u e s 
of U a r e in good a g r e e m e n t . 

The d i s a g r e e m e n t b e t w e e n the c a l c u l a t e d and m e a ­
s u r e d v a l u e s of s c a t t e r i n g m a t e r i a l s such a s c a r b o n and b e r y l l i u m m a y be 
a s s o c i a t e d wi th i n a c c u r a c i e s in the c a l c u l a t e d adjoint f luxes r a t h e r than 
wi th e r r o r s in b a s i c d a t a . 

2y 

The c a l c u l a t e d w o r t h a s a function of t he n u m b e r of 
c o n s e c u t i v e s c a t t e r i n g s in the s a m p l e for a few m a t e r i a l s is shown in 
T a b l e I .B .12 . It i s s e e n tha t c o n v e r g e n c e h a s been a c h i e v e d with five 
s c a t t e r i n g s for p r a c t i c a l l y a l l the m a t e r i a l s excep t sod ium, b e r y l l i u m , 
and c a r b o n . 

TABLE I.B.12. Calculated Central Reactivity Worths as a Function 
of the Number of Consecutive Scatterings in Sample ( 2 x 2 x 1 in.) 

Material 

Na 
F e 
Ni 
C r 
103 

Mo 
AI 
Mn 
' B e 
C 

Measurement 

+0.013 ± 0.008 
-0.450 ± 0.004 
-0.832 ± 0.008 
-0.222 ± 0.008 

-23.208 ± 0.012 
-3.115 ± 0.021 
-0.122 ± 0.010 
-0.481 ± 0.006 
-1.304 ± 0.003 
-0.366 ± 0.001 

FOP' ' 
Values 

-0.00230 
-0.6581 
-0.7204 
-0.4034 

-32.842 
-6.2113 
-0.2042 
-1.1963 
-0.4711 
0.06037 

Worth (Ih)* 

No. of 

1 

-0.00989 
-0.4856 
-0.7184 
-0.3375 

-e 1.812 
-3.5795 
-0.1803 
-0.5028 
-0.5686 

0.00991 

Consecutive Sea 
in Sample 

3 

-0.00503 
-0.5448 
-0.7514 
-0.3622 

-22.139 
-4.2362 
-0.1906 
-0.5702 
-0.4325 

0.05527 

.tte rings 

5 

-0.00424 
-0.5607 
-0.7477 
-0.3692 

-22.145 
-4.3713 
-0.1920 
-0.5939 
-0.3525 
0.06644 

* 1 % Ak/k = 456 Ih. 

^F i r s t -o rde r perturbation-theory calculations with E N D F / B data. 

5. Z P P R O p e r a t i o n s and A n a l y s i s (W. G. Davey and P . I. Amundson) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 2 5 - 2 8 (Nov 1968). 

a. F F T F C r i t i c a l P r o g r a m . The r e q u i r e d load ing c h a n g e s to a c ­
c o m m o d a t e A s s e m b l y I of the R e s u m e d P h a s e - B F F T F C r i t i c a l P r o g r a m 
for Z P P R w e r e c o m p l e t e d . T r a n s f o r m a t i o n of the r e a c t o r loading p a t t e r n 
f r o m tha t of the p r e v i o u s l y l o a d e d 1 4 0 0 - l i t e r , U 0 2 - r e f l e c t e d c o r e * to that 
of the p r o p o s e d A s s e m b l y I r e q u i r e d the r e m o v a l of 4320 d r a w e r s (=70 tons ) 
and i n s t a l l a t i o n of 2101 d r a w e r s (=11 tons ) of m a t e r i a l . 

* Reference to original ZPPR Core I. 
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The preloaded reactor interface configuration corresponding to 
Assembly I is shown in Fig. I.B.9. Assembly I is to be a cylindrical cr i t ical 
having a core height of 36 in. and 12-in.-thick axial and radial ref lectors . 
Cross-sect ional views and corresponding nominal compositions of the core 
and reflector drawer cells are presented in Fig. I.B.IO and Table I.B.13, 
respectively. 

The critical mass of Assembly I has been calculated (utilizing 
the calculational and experimental correlation obtained from ZPR-3 As­
sembly 51) to be 367 kg of fissile material (" 'Pu + ^^'Pu + "^U). The cor­
responding total plutonium mass and core volume are 411 kg and 699 l i te rs , 
respectively. 

b. Doppler Effect 

(i) Design. The rod and fuel-capsule container bid package 
has been prepared and sent to potential vendors. 

(ii) Equipment. The drive mechanism has been received. The 
vacuum system has been assembled on the carr iage and is leaktight. Inte­
gration of control circuitry into the drive system has been star ted. 

c. Reactor Equipment Development 

(i) Experimental Equipment. An in-place test of the radial 
perturbation sample and counter-drive mechanism has been performed 
with the stationary reactor half. 

Mechanical and electronic adjustments have been made to 
the perturbation-sample changer mechanism to insure reliable operation of 
the stepping-motor indexer. 

(ii) Automation of Data Acquisition 

(a) Data Collection System. Installation and testing is 
continuing. ' 

('') Counting Room. Interfacing of the Incremental Mag­
netic Tape Unit with the SEL-810A computer is continuing and is approxi­
mately 60% complete. 

d. Heterogeneity. Major effort has been concentrated on assembly 
of the components of the automated gamma-ray-spec t rometry system. The 
general-purpose digital computer has been-interfaced with an analog/digital 
converter for test purposes. Present efforts are centered on readout inter­
faces and program debugging. Micrological problems with the magnetic-tape 
unit have been corrected, and efforts toward interfacing with the computer 
continue. 



Fig. LB.9. Preloaded Aaembljr-I Configuration of Returned Phaie-B FFTF Critical Program 
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Fig. I.B.IO. Core and Reflector Drawer Cells 

TABLE I.B.I 3. Nominal Compos i t ions in A s s e m b l y I of Z P P R ( a t o m / b - c m ) 

Nuclide 

O 
Na 
F e 
C r 
Ni 
Mn 
Mo 

Core 

0.01442066 
0.00860629 
0.01215677 
0.00259267 
0.00129094 
0.00022017 
0.00032997 

Axial 
Ref lec tor 

. 
0.013358 
0.008418 
0.002394 
0.019264 

-
-

Radial 
Ref lec tor 

. 
0.006495 
0.007163 
0.002048 
0.046215 

-
-

Nuclide 

2)5y 

"»U 
" ' P u 
' " P u 
" ' P H 
C 

C o r e 

0.00001334 
0.00597782 
0.00128254 
0.00017469 
0.00002376 
0.00110393 

Axial 
R e n e c t o r 

_ 
. 
. 
-
. 
-

Radial 
Ref lec to r 

, 
. 
. 
-
-
-
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e. P r e p a r a t i o n for O p e r a t i o n 

(i) R e a c t o r C o n t r o l and N u c l e a r I n s t r u m e n t a t i o n . Z P P R r e ­
v iew of o p e r a t o r and s u p e r v i s o r qua l i f i c a t i ons for the s t a r t u p t e a m is 
c o m p l e t e . 

" P r o o f t e s t " r u n s without fuel in the m a t r i x con t inue . L o n g -
t e r m r e l i a b i l i t y of s a f e t y - r o d s t a t i c c h a r a c t e r i s t i c s is be ing i n v e s t i g a t e d . 

6. Z P R M a t e r i a l s 

a. D e v e l o p m e n t of F a b r i c a t i o n T e c h n i q u e s (J . E. Aye r ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 28-29 (Nov 1968). 

(i) Dopp le r Coeff ic ient E l e m e n t s . Six Doppler e l e m e n t s wi th 
l o w - d e n s i t y fuel c o l u m n s w e r e f ab r i ca t ed by loading 100% PuO^ fuel con ­
ta in ing 47 .28 w / o ^^°Pu into Inconel j a c k e t s . * The o x y g e n - t o - n n e t a l r a t i o 
of the fuel p a r t i c l e s was 1.97, and the Inconel j a c k e t s w e r e - 2 in. long, 
wi th n o m i n a l fuel c a v i t i e s that r a n g e d fronn 0.500 to 0.810 in. in d i a m e t e r . 
Two p i lo t e l e m e n t s con ta in ing 11.42 w / o ^*°Pu w e r e a l s o f a b r i c a t e d . The 
loading da ta a r e shown in T a b l e I .B.14 . 

TABLE I.B.14. Loading Data for '*°PuOj Doppler Elements^ 

Element No. 

810 
750-1 
750-2 

690 
625 
500 

Pilot Capsule 1 
Pilot Capsule 2 

^"Pu 
(w/o) 

42.27 
42.27 
42.27 
42.27 
42.27 
42.27 
11.42 
11.42 

Inside 
Diamcte r 

( i n . ) 

0.81 1 
0.751 
0.751 
0.691 
0 .626 
0.501 
0.810 
0.810 

Ins ide 
Length 

(m.) 

1.93<> 
1.937 
1.936 
1.937 
1.937 
1.937 
1.812 
1.812 

Fue l Wt 

(g) 

96.638 
84.567 
84.238 
73.699 
60.491 
38.643 
88.405 
87 .443 

Fue l 
Dens i t y 
( g / c m ' ) 

6.224 
6.341 
6.326 
6.442 
6.538 
6.518 
5.78 
5.72 

P a c k i n g 
Ef f ic iency 

(%) 

56 .47 ' ' 
57.54'> 
57.41*' 
58.46*' 
59.33*' 
59.14** 
54.84<^ 
54.24*^ 

^ P a r t i c l e s of 50 -100 m e s h s i z e v i b r a t o r i l y c o m p a c t e d in Inconel j a c k e t s . 
' ' B a s e d upon pycnonne te r p a r t i c l e d e n s i t y of 11.02 g ' c m . 
^ B a s e d upon p y c n o m e t e r p a r t i c l e d e n s i t y of 11.54 g / c m . 

T h e s i x r e q u i r e d e l e m e n t s h a d p a c k i n g d e n s i t i e s of 6 .2 t o 

6 . 5 g / c m ^ a n d p a c k i n g e f f i c i e n c i e s of 5 6 . 5 t o 5 9 . 3 % , b a s e d o n a p y c n o m e t r i c 

p a r t i c l e d e n s i t y of 1 1 . 0 2 g / c m ^ . T h e r e q u i r e d l o w - d e n s i t y fue l c o l u m n s 

w e r e o b t a i n e d by v i b r a t o r i l y c o m p a c t i n g 5 0 - t o 1 0 0 - m e s h (US s i e v e s i z e ) 

p a r t i c l e s i n t o t h e I n c o n e l j a c k e t s . S p e c i a l f i x t u r e s w e r e r e q u i r e d t o c o n ­

t r o l c o n t a m i n a t i o n d u r i n g e l e m e n t c o m p a c t i o n b e c a u s e t h e f u e l w a s l o a d e d 

*Inconel-60C alloy has the nominal composition 70 w/o Ni, 15.8 w/o Cr, and 7.2 w/o Fe. 
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to within 0.100 in. of the jacket lip. After loading and prel iminary decon­
tamination, the jackets were welded, decontaminated, leakchecked with a 
helium mass spectrometer, and radiographed. All the elements passed the 
leaktests, and the contamination levels on all jackets were less than 
200 d/m a/61 cm^ of jacket surface (direct count). Radiography showed a 
gap of less than 0.003 in. between the fuel and the surface of the top end 
plug. 

(ii) Oxide Plate Elements. Reactor physics information specific 
to oxide compositions is required for LMFBR application. These determina­
tions will be made in ZPPR by using (U,Pu)02 fueled plates in zoned experi­
ments. The oxide plates have geometric dimensions and tolerances s imilar 
to those of the metallic bulk-fuel plates. Two processes show promise of 
being applicable to the fabrication of plates: cold pressing followed by sin­
tering, and hot pressing. Hot pressing is being considered because size and 
dimensional tolerances may be easier to control by this method and because 
the fabrication process is inherently simpler than the cold p ress - s in te r 
technique. 

A small-scale hot p ress that will be used to conduct initial 
studies has been installed in a nitrogen-filled glovebox in the Plutonium 
Fabrication Facility of Building 350. The hot p ress consists of a resis tance 
furnace and a "single-acting" hydraulic p r e s s . Graphite dies and punches 
were used in the preliminary studies. To date, 12 runs have been made to 
determine the effects of p ressure , time, and temperature upon the density 
and geometric tolerances of the resultant plates. 

The process by which platelets for screening studies a re 
made is essentially as follows. The die is loaded with 40 g of UO2-I5 w/o 
PUO2 and the punches are added. The assembled die is prepressed to about 
500 psig and loaded into the press in the furnace cavity where a predeter ­
mined force is exerted. The furnace is started and operated at a fixed 
temperature- t ime cycle while the pressing p ressu re is maintained at a 
constant level. The subsidence of the specimen is noted during the entire 
run. After the desired period of time at operating temperature has elapsed, 
furnace power is decreased, the die is cooled to room temperature, and the 
specimen is ejected. 

Single and multiple plates of UO2-I5 w/o PuGj have been 
hot pressed by this technique. Both round (l in. in diameter) and square 
(0.75 in. side) plates of uniform thickness have been made. The hot-pressing 
character is t ics of UO2-I5 w/o PUO2 have been studied in the temperature 
range from 1000 to 1500°C and at p res su res ranging from 1280 to 5100 psig. 
Densities from 85.2 to 94.8% of theoretical density have resulted from hot 
pressing in this range. The maximum density was obtained by hot press ing 
at 1500°C for 30 min at 5100 psig. Thickness variations of the pressed plates 
were consistently within the range of ±0.0015 in. Although graphite dies were 
used, carbon pickup averaged under 500 ppm, with the carbon eviripnrorl 
mainly near the surface of the specimen. 
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C. Component Development--LMFBR 

1- Reactor Mechanism and Instrumentation 

a- Instrumentation Development (T. P . Mulcahey) 

(i) Out-of-core Neutron Flux Detection System (Intermediate 
Range Neutron Flux Monitor) (G. F Popper) 

Last Reported: ANL-7500, pp. 34-36 (Sept 1968). 

Wide-range and intermediate-range circui ts are being 
developed for testing with detectors installed in a special thimble in EBR-II. 
Environment and performance requirements for F F T F and future LMFBRs 
serve as development and test goals. 

(a) Detectors and Cables. Although the Westinghouse 
high- temperature (850°F maximum) fission-counter chambers and com­
pensated ionization chambers and mating cables were received, the detec­
tors and cables were returned to the manufacturer so the required 
identification markings could be applied. Westinghouse will partially test 
and qualify the detectors at temperatures up to the maximum rating. 

The Reuter-Stokes detectors have been fabricated, 
but delivery awaits cable fabrication. Arrangements are being made for 
Reuter-Stokes to test and qualify the detectors partially. 

The Westinghouse WX-4036 fission-counter chamber 
attached to the Bostrad-22 cable has bein installed in the EBR-II 01-thimble 
facility. The previously described Argonne system and the detector cable 
have been tested at ~120, 300, 500, and 700"^ with the reactor shut down; 
overall system performance was satisfactory. As shown in Fig. I.C.I, data 
have been taken during reactor startup with the detector cable operating 
at 700°F. A very low gamma flux (~60 R/hr) was present , so the data show 
an overlap grea ter than two decades between the log counting channel and 
the true rms log channel. For comparison. Fig. I.C.I also shows the con­
ventional EBR-II l inear flux channel. 

After the test system was operated for ~1 week at 700°F, 
and during approach to full reactor power of 50 MWt after an unexpected 
shutdown, a malfunction occurred. The cause is being determined. 

(b) Circui ts . After the manufacturer-supplied modified 
bandpass amplifier circuit board for the mean-square system was installed 
in the Gulf General Atomic 10-decade neutron monitor, the entire systenn 
was realigned. During this realignment p rocess , large induced-noise signals 
were noted in both the counting and the mean-square voltage sys tems, even 
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with the d e t e c t o r cab le d i s connec t ed f rom the p r e a m p l i f i e r . T h e r e f o r e , 
s p u r i o u s no i se s igna l s a r e being p icked up on the s i g n a l - t r a n s m i s s i o n 
c a b l e s be tween the p r e a m p l i f i e r and the r e m a i n i n g e l e c t r o n i c s . Th i s p r e ­
v ious ly unde tec t ed p r o b l e m is being d i s c u s s e d with the m a n u f a c t u r e r ; 
so lu t ions to the p r o b l e m a r e being f o r m u l a t e d . 

o Log countrote 

D Log true rms 

O EBR-II conventionol linear flux ctionnel (No7) 

10'^ S- — 10' 

— lO'" = ^ 10 

10"" - -

1830 1835 1840 
Time, min 

1850 

Fig. I.C.I. Response of WX-4036 Detector with Bostrad-22 Cable 
(at 700OF in 01 thimble of EBR-II) to Reactor Stanup; 
Response of Conventional Channel is Shown for Com­
parison. Gamma flux was -60 R/hl, chamber sensitiv­
ity: 0.21 cps/nv and 1.15 x 10"^ v^/nv. 

It has been d e t e r m i n e d that the 4 .8 -kHz c l o c k -
synchron iz ing s igna l appl ied to the E B R - I I 115-V l ines i s not be ing induced 
into the Gulf s y s t e m th rough the power s u p p l i e s , so a l ine f i l t e r wil l not 
so lve the p r o b l e m . The s igna l is being in jec ted into the s y s t e m e i t h e r 
th rough the d e t e c t o r - s i g n a l cab le or th rough one of the p r e a m p l i f i e r i n t e r ­
connec t ion c a b l e s . F u r t h e r a n a l y s i s in unde rway to e l i m i n a t e the n o i s e . 

A b o r a l sh ie ld has been p laced a r o u n d the d e t e c t o r of 
the Gulf G e n e r a l Atonnic s y s t e m to r e d u c e the n e u t r o n flux. While the s h i e l d 
was being ins t a l l ed , the d e t e c t o r and cab le w e r e d i s t u r b e d , b r e a k i n g the 
a t t a ched cab l e s and c o n n e c t o r s . T h e s e c a b l e s had d e t e r i o r a t e d badly 
b e c a u s e of e x p o s u r e to the E B R - I I J - t h i m b l e e n v i r o n m e n t for m o r e than 
135 days , dur ing which they had accu inu l a t ed an e s t i m a t e d dose of 1 x lO^rad, 
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which is ten t imes the recommended nnaximum dose for polyethylene cables. 
Therefore, the cables and connectors have been replaced with new ones. 
However, in the process of reinstalling the cables and flexible conduit 
shielding through the thimble shield plug, the electr ical insulation on the 
shield conduit was damaged, causing an unwanted ground to the reactor . 
In an attempt to isolate the damaged shield conduit above reactor ground, 
one of the new cables opened, making the entire system inoperative. New 
flexible conduit shielding has been ordered; the open cable will be repaired 
or replaced during the next reactor shutdown. 

The Milletron system is nearly ready for acceptance 
t e s t s . Unexpected problems of circuit design caused the delivery delay. 

b. F F T F Instrumentation (R. A. Jaross) 

(i) In-core Flowmeter Development (R. A. Ja ross ) 

Last Reported: ANL-7518, pp. 32-33 (Nov 1968). 

(a) Prototype Permanent-magnet Flowmeter Tes t s . 
Flowmeter designs incorporating (a) a single cylindrical permanent magnet, 
and (b) two curved permanent-magnet segments with two soft-iron pole 
pieces are being compared for ease of assembly, availability and cost of 
the magnets, sensitivity, and reliability. 

(b) Eddy-current Flowmeter Tes t s . High-temperature 
universal- type coils (of ~2.02-in. OD) for the 15/ l6- in . flowmeter that will 
be installed on the 15/ l6- in . - ID flowtube were wound with 16-mil-dia nickel-
clad si lver magnet wire having ceramic insulation (and supplied by Secon 
Metals Corp.). Five coils are required for this flowmeter. Of eight coils 
wound, five had short circuits because of mechanical damage to the ceramic 
insulation. Additional wire is being purchased so that two more acceptable 
coils can be produced. 

A second source of supply for such nnagnet wire has 
been found; Physical Sciences Corp. can supply this wire in AWG sizes 16 
to 26 (50- to 16-mil diameter) and with a temperature rating of 1000°F; 
inasmuch as the coils would be encapsulated in a stainless steel chamber 
and maintained in an inert gas atnnosphere, it is possible that this wire 
would serve above 1000°F. 

It has been determined that Sylvania Electr ic P rod ­
ucts, Inc., can supply nickel-clad silver wire in AWG sizes 16 to 26. 



(ii) Signal Lead Connectors for Sodium Service 
(A. P . Grunwald) 

Last Reported: ANL-7513, p. 40 (Oct 1968). 

Exposure of the four nipple connections of the F F T F 
prototype connector to argon at temperatures to 500°F yielded the following 
resul ts : (a) the leakrates , which were monitored initially at room t empera ­
ture and then continuously as the test temperature was increased, showed 
a definite downward trend for three nipples and a much smal ler downward 
trend in the fourth (which is character is t ic behavior for connectors of this 
type); (b) with each incremental increase in temperature , the leakrates 
change temporarily, positively for some nipples and negatively for others, 
with no definite pattern for any one nipple, but the temporary change d i s ­
appears after the nipple has soaked a while, then resumes its regular 
pattern for a specific nipple; and (c) the leakrates of the four nipples with a 
p ressure differential of 5 psi across the connection ranged froim 1 to 
8 x 10"^ std. cmYsec at room temperature and from 2 to 10 x 10"'' std. 
cmVsec at 500°F. 

The connector is being tested in sodium at tempera tures 
to 500°F. 

(iii) Failed-fuel Location Method Development (E. Sowa) 

Last Reported: ANL-7518, p. 33 (Nov 1968). 

(a) Sodium Test Loop. All the shop-fabricated components 
have been delivered for installation in the loop that will be used to develop 
a method for detecting fission gas released from a failed fuel subassembly. 
The gas-disengagement chamber, pump-mounting pad, sodium-catch pan, 
and sampling valve "were among the last units received. To expedite 
delivery of the sampling valve, its design was modified by substituting a 
weld for the seal ring at the upper part of the body. 

Welding of the loop piping has begun. The re turn 
pipe, tank, and gas-disengagement section have been joined. 

2. Fuel Handling, Vessels, and Internals- -Core Component Test 
Loop (CCTL) (F. A. Smith) 

Last Reported: ANL-7518, pp. 33-34 (Nov 1968). 

Except for 4 hr when the pump was turned off to remove a sodium-
sample tube and to replace it by welding in a new tube, the CCTL has been 
operating continuously during this reporting period (i.e., 620 hr out of 
624 available). The loop flowrate has been a constant 400 gal/min, with a 
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p r e s s u r e drop of 45.9 psi ac ross the prototype F F T F fuel subassembly. 
During the f irs t 12 days, the loop tempera ture was ra ised from 700 to 
1060°F, at which it has been operating since; each incremental increase 
of 50°F was not initiated until the plugging tempera ture of the sodium 
measured less than 250°F. 

To verify the adequacy of the design of the support s t ructure for 
the test vessel , temperature profiles of the support stand were measured 
on December 11 and compared with data recorded on July 23. On both 
dates the CCTL was at 1060°F, flow conditions were s imilar , and the 
support stand and t es t -vesse l pads were at equilibrium tennperatures. The 
two sets of data agree precisely, with the insulated vessel support pad being 
at 800°F and the uninsulated 5.6-ft-high support stand being at an average 
tempera ture of 260"'F. The support pad at the top of the test stand measured 
220°F; the bottom pad of the stand, which is in contact with the floor, 
measured 100°F. Thus we conclude that the "Lubrite" plates between the 
hot -vesse l -suppor t pads and the mating-support pad of the stand are 
effective in providing a thermal b a r r i e r (these plates also provide for 
radial expansion of the test vessel) . 

Four sodium-vapor t raps, located between the argon supply and the 
test vessel , expansion tank, pump free surface, and loop dump tank, have 
operated for a total sodium "pump-on" time of 2146.7 hr, about 60% of which 
has been while the loop sodium was at 1060°F. Although there has been no 
evidence of the vapor traps obstructing the normal flow of argon to the 
various loop components, temperature profiles of the t raps were measured 
on December 15 and compared to data taken July 29. Both sets of data are 
identical, indicating that the vapor t raps are functioning as expected and 
no maintenance is required. With the temperature of the sodium in the 
loop at 1060°F, argon enters each vapor trap at about 845°F; e lec t r i ca l -
res i s tance heaters are controlled manually to maintain the argon outlet 
tempera ture at 245°F; further cooling is provided downstreann toward the 
gas source to reduce the gas-l ine temperature to ambient. 

D. Systems and Plant - -LMFBR 

1. 1000-MWe Plant 

a. Contract Management, Technical Review and Evaluation 
(L. W. Fromm) 

Last Reported: ANL-7518, pp. 34-35 (Nov 1968). 

Final patent c learances have been obtained on all Task-I 
repor t s , so their publication can proceed, except for the Westinghouse 
Task- I report , whose editing is being completed. The Task-I repor t s 
a re being printed on a schedule that will see the publication of all five 
completed in about two months. 



The quarterly report for the period July 1 through September 30, 
1968 has been compiled and edited, and is being reviewed. 

(i) Babcock Si Wilcox Co. Subcontract. B&W has completed its 
work on the follow-on study, except for editing and reproducing the Task-II 
and -III final report, which descr ibes the B&W reference concept, and the 
Task-IV report describing the requirements for r e sea rch and development. 

(ii) Westinghouse Electr ic Corp. Subcontract. The Task-II 
conceptual system design descriptions of the pr imary and intermediate 
coolant systems are being typed. All Task-I l l parametr ic calculations 
have been completed and are being used in the Task-IV value analysis . 
All but two sections of the Task-IV report have been drafted. The plant 
availability study is nearing completion. 

(iii) General Electric Co. Subcontract. The Task-II report has 
been completed and is being reviewed. Most of the mater ia l for the Task-Il l 
and -V reports has been drafted. Except for some safety information, all 
mater ia l for preparation of the Task-IV report has been collected and is 
being integrated into the proper report format. 

(iv) Combustion Engineering, Inc., Subcontract. Work on the 
follow-on study has been completed, except for the editing of the Task-IV 
report describing the requirements for research and development. 

(v) Atomics International Subcontract. Reactor-burnup analysis 
and plant capital cost est imates have been completed. Drafts of all the s y s ­
tem design descriptions have been completed; those that have been reviewed 
are being revised. Drawings of the reactor structure and fuel subassemblies 
are being revised. Nuclear and thermal-hydraulic analyses of the Task-I l l 
reference reactor are being completed. Sections of the Task-Il l report are 
being drafted; sections of the Task-IV report have been drafted. 

E. EBR-II 

1. Research and Development 

a. Reactor Experimental Support--Reactor Analysis and Testing 
(R. R. Smith) 

Last Reported: ANL-7518, pp. 36-39 (Nov 1968). 

(i) Nuclear Analysis and Safety 

(a) Exposed-fuel Calibration Studies in EBR-II. Under 
normal operating conditions, small quantities of fission products are 
generated from fuel material contaminating the surfaces of core components. 



Consequently, all EBR-II fission-product monitoring systems always 
regis ter signals. These signals are proportional to the concentrations of 
specific index species in the pr imary coolant or cover gas . 

When exposed fuel is introduced into the core, the 
signals of all the monitoring systenns increase . Defining the unavoidable 
response from fuel contamination as "noise" and the increase in response 
caused by the exposed fuel as "signal," the signal-to-noise ratios ( S / N ) 
for all index species (thus, for all monitoring systenns) is the same, 
regard less of the t ime-power operational history of the reac tor . 

A useful parameter in diagnosing the nature and 
magnitude of a fuel failure is the S / N rat io associated with a single unclad 
dr iver element. In recent studies, two unclad Mark-IA driver elements , 
located in a special control rod, were installed in the core . Measurements 
of the responses of all fission-product monitoring systems before and after 
the insertion of the exposed fuel led to values for the S / N rat ios of the 
various monitoring sys tems. 

Pr ior to the installation of the special control rod, 
the reactor was operated continuously for nine days at 50 MWt. During this 
time, noise levels were established for all monitoring sys tems . Then the 
reac tor was shut down, the special control rod was fully inserted, and the 
power level was raised to 50 MWt. The FERD (fuel-element-rupture 
detector) and FGM (fission gas monitor) systems reached equilibrium 
during subsequent operation of the reactor for 53 hr at 50 MWt. The 
equilibrium level for " 'Xe was not completely reached by the end of the 
53-hr test; the degree of saturation (0.9^5) at this point was used to adjust 
the measured level to the equilibrium value. 

The resul ts of the tests indicated the following S / N 
ratios for a single unclad pin: for the FGM, 4.3; for the FERD system, an 
average of 3.6 for the three channels; and for the " 'Xe in the cover gas, 
1.45. From analyses of pr imary-sodium samples taken before and at the 
end of the tes ts , the S / N ratio for ' " l was found to be 1.40. 

The much lower values of the S / N rat ios for "*Xe 
and ' " l suggest either of the following possibilit ies: an unduly low value 
for the " 'Xe and '^'l signals, or the use of unduly large values for the 
respective noise contributions. The latter possibility appears to be the 
most logical because it is more consistent with the observations of 
September 9 and 10 (see P rogres s Report for September 1968, ANL-7500, 
pp. 44-47) when it was noted that the levels of " 'Xe and ' " l increased by 
factors of approximately two. Because no increase was then noted in the 
responses of the FGM and FERD systems, the increase in ' " l and ' "Xe 
activities was postulated to be the resul t of the slow extrusion of sodium 
bond through a cladding defect. For such a failure mode, f ission-product 



gases cannot escape. Insofar as the existing monitoring systems are con­
cerned, the only significant release of fission products to the pr imary 
coolant involves the longer-lived iodine species. The shor ter- l ived iodine 
and bromine species, which are sensed by the FGM and FERD systems, 
decay before they can migrate from their place of birth to the defect. 
Longer-lived species such as " ' l and "^I (the parent of '^'Xe) live long 
enough to negotiate the defect. 

Cladding penetration involving the slow extrusion of 
bond sodium qualitatively accounts for the differences noted in the S/N 
ratios for the various monitoring sys tems. If the pre-September 9 values 
for the noise levels of " ' l and " 'Xe are used (rather than the values es tab­
lished immediately prior to the tests) , the S / N ratios for ' " l and '^'Xe 
become approximately four, values in excellent agreement with those 
measured for the FERD and FGM systems. Such evidence was used to 
conclude that the source of fission-product re lease , first suspected on 
September 9, was still in the core. 

(b) Origin of the September 9 Fission-product Release. 
Throughout the remainder of Run 30 and during Runs 31 and 32, attempts 
were made to locate the September 9 source of fission-product re lease 
by removing groups of suspects and using the reactor as a leak detector. 
Eventually, all of the standard driver subassemblies and fueled experiments 
that had been in the reactor at the tiine of the September 9 release had been 
removed and tested, but the source of the release was not found. Then, the 
control rods were checked by withdrawing each rod completely, one at a 
time, for approximately 50 MWd of reactor operation while measuring the 
saturated '^'Xe activity in the cover gas. On December 8, a decrease in the 
" 'Xe activity was noted when the last control rod (L-462) was withdrawn 
fronn the core. Reinsertion of the rod resulted in an increase, and a final 
withdrawal caused a decrease from the fully inserted level of 7.0 x 10"^ to 
4.5 x 10"^ ;uCi/ml. Since the signal associated with the September 9 re lease 
was estimated to be 3.5 ;nCi/ml, and since the power generation of a fully 
withdrawn control rod is half that of a fully inserted rod, the magnitude of 
the decrease is consistent with other experimental information. Accordingly, 
control rod L-462 was removed from the core and will be inspected in 
the FCF. 

(c) Mark-IIA Safety Analysis (J. R. Trinko) 

A code for computing fuel-temperature coefficients for 
20 hypothetical Mark-IIA core loadings was written and debugged. As a test 
case, the temperature coefficient of EBR-II Run 30 was calculated to be 
-4.1 X 10 ^ Ak/k/°F, a value which compares favorably with the value of 
-4.8 X 10"' Ak/k/°F inferred from experimental work conducted during 
Run 25. The calculation is based on spherical reactor geometry. 
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The sens i t i v i ty of the spher i ca l model to blanket 
compos i t i on was exp lored with the following k ca lcu la t ions for a cr i t i ca l 
9 1 - s u b a s s e m b l y Mark-II core: 

Blanket Composi t ion 

Depleted U ("'U only)* 
0.2 a / o ' " U added to inner blanket 
0.2 a / o ^"U added to inner and outer blankets 
S ta in less s t ee l inner re f l ec tor** 
Nickel inner re f l ec tor** 
Sta in less s t ee l upper ref lector (without gap) 

replac ing inner and outer blankets 
S ta in le s s s t ee l upper re f lec tor with 4 . 3 7 - i n . 

gap replac ing inner and outer blankets+ 

(10"' convergence ) 

0.99908 
1.00150 
1.00250 
1.03153 
1.04936 

1.01227 

0.97660 

It i s a p p a r e n t that the g a p i s s i g n i f i c a n t in s p h e r i c a l c a l c u l a t i o n s . 

(d) C o d e f o r C o n v e r t i n g Ih to R e a c t i v i t y U n i t s 
( J . R. T r i n k o ) 

A c o d e w a s w r i t t e n f o r c o m p u t i n g the f a c t o r f o r c o n ­
v e r t i n g f r o m i n h o u r s (Ih) t o r e a c t i v i t y u n i t s ( A k / k ) and f o r a s s e s s i n g the 
u n c e r t a i n t y r e s u l t i n g f r o m the u n c e r t a i n t i e s i n the d e l a y e d - n e u t r o n f r a c t i o n s 
^ i a n d the d e c a y c o n s t a n t s X j . F o r the w e t c r i t i c a l E B R - I I c o r e , a v a l u e of 
4 1 3 - 13 I h / A k / k w a s o b t a i n e d ( t h i s v a l u e c o m p a r e s f a v o r a b l y w i t h t h e 
4 1 5 Ih r e p o r t e d in A N L - 5 8 0 0 ) . T h u s , f o i ; a ^ " U - f u e l e d r e a c t o r , the u n c e r ­
t a i n t y a m o u n t s to a p p r o x i m a t e l y 3%. 

( i i ) H i g h e r P o w e r O p e r a t i o n 

( a ) N i c k e l R e f l e c t o r (R. A . C u s h m a n ) 

T h e t e n n p e r a t u r e d i s t r i b u t i o n in the p r o p o s e d n i c k e l 
r e f l e c t o r s u b a s s e m b l y h a s b e e n c a l c u l a t e d f o r c o r e p o s i t i o n s 7 N 4 a n d 
8 N 4 a t 5 0 - M W t r e a c t o r o p e r a t i o n . T h e r e s u l t s of the c a l c u l a t i o n s 
i n d i c a t e t h a t a p r o p e r l y o r i f i c e d n i c k e l r e f l e c t o r w i l l h a v e a c c e p t a b l e 
t h e r m a l c h a r a c t e r i s t i c s . T h e m a x i m u m t e m p e r a t u r e d i f f e r e n c e f r o m 
t h e c e n t e r t o t h e e d g e of a l - J - i n . - d i a n i c k e l c y l i n d e r in R o w 7 w a s c a l c u ­
l a t e d t o b e l e s s t h a n 4 0 ° F , and the m a x i m u m t e m p e r a t u r e d i f f e r e n c e f r o m 
o n e s i d e of t h e s u b a s s e m b l y h e x c a n to the o t h e r w a s c a l c u l a t e d t o b e l e s s 
t h a n 1 0 ° F . 

Appropriate amounts of sodium and stainless steel were included. 
•'*Appropriate amount of sodium was included. 

tGap contains sodium (53.3 v/o). stainless steel (29.8 v/o). and void. 



The calculations were car r ied out with the THTB p r o ­
gram. An additional program (BLANKSUB) was written and used to de te r ­
mine the volumetric heat generation at the nodal mesh points used in the 
THTB program. The calculational procedure has been automated to permit 
rapid determination of temperature distributions in a modified-geometry 
subassembly or with varied axial and radial heat-generation ra t e s . 

b. Nuclear Analysis Methods Development 

Last Reported: ANL-7518, pp. 39-41 (Nov 1968). 

(i) Oxide Driver Core. One-dimensional diffusion-theory 
modeling techniques were studied, using the prel iminary conceptual design 
of the oxide core and the six-group cross-sect ion set 23806 as a basis of 
comparison. In the first technique--based on the self-consistent diffusion 
theory (SCDT)--the group-independent t ransverse bucklings that gave the 
same cri t ical composition for both the axial- and radial-geometry r e p r e ­
sentations of the reactor were determined. The second technique was 
based upon iteration of group-dependent t ransverse bucklings in the 
core to a consistent core composition. The second technique was compared 
with the first by doing a ser ies of iterative calculations to converge on 
k ££ for the cri t ical composition predicted by the SCDT model. When 
t ransverse bucklings in the core were used to represent t ransverse 
leakage in all regions, kgff was found to converge to 1.0888 (within 0.001) 
after six i terat ions. This high value of kgf£ indicates that the method as 
used initially underpredicted t ransverse leakage in regions outside the core . 

The procedure was repeated, using appropriate group-
dependent core bucklings in core regions as before, but using the simple 
group-independent formulations 

^ 7 a n d b | = ( ^ 
i^ext / \ "ex t 

in all other regions. Here k rr converge to 0.9982 (within 0.0009) in 
five i terat ions. 

A corresponding k calculation based on two-dimensional 
diffusion theory and using the DIF2D code gave k^jf = 1.0335. This 
larger value is ascribed to differences in corner representations in the 
one- and two-dimensional models. Further comparisons were made 
between the SCDT modified group-dependent t ransverse bucklings and the 
two-dimensional resul ts with regard to the median energies for source, 
absorption and flux, and group-4 spatial distribution of flux. The modified 
group-dependent method was concluded to be the most accurate and easiest 
to use for the initial neutronics scoping calculations for the oxide core . 
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I n f o r m a t i o n on p o w e r d i s t r i b u t i o n ob ta ined in the fo rego ing 
w o r k wi l l be u s e d in m a k i n g a t h e r m a l - h y d r a u l i c a n a l y s i s of the i n i t i a l 
d e s i g n . 

(ii) DSN M e t h o d s . I m p l e m e n t a t i o n of the DSN n u m e r i c a l m e t h o d 
for the I B M - 3 6 0 M o d e l - 7 5 c o m p u t e r w a s con t inued with f u r t h e r t e s t i n g of the 
DOT p r o g r a m . C o m p a r i s o n of the runn ing t i m e s for a t yp ica l E B R - I I a n a l y ­
s i s p r o b l e m (6 g r o u p s , S2, 1196 m e s h po in t s ) i n d i c a t e d tha t c a l c u l a t i o n wi th 
the DOT code on the IBM-360 is 3 i t i m e s f a s t e r than c a l c u l a t i o n wi th the 
SNARG-2D code on the C D C - 3 6 0 0 . 

To f a c i l i t a t e the u s e of a v a i l a b l e c o d e s for g r o u p c r o s s -
s e c t i o n g e n e r a t i o n and da ta handl ing wi th the DOT and ANISN p r o g r a m s , a 
code w a s w r i t t e n for the C D C - 1 6 0 A to a c c e p t c r o s s s e c t i o n s in the XLIBIT 
f o r m a t f r o m e i t h e r c a r d s o r m a g n e t i c t ape , and to punch the c r o s s s e c t i o n s 
on c a r d s in the DOT and ANISN input f o r m a t . 

( i i i ) E v a l u a t i o n of C r o s s - s e c t i o n Sets An effor t h a s b e e n 
i n i t i a t e d to g e n e r a t e a new c r o s s - s e c t i o n se t for ana lyz ing the p h y s i c s of 
E B R - I I u t i l i z ing the point c r o s s - s e c t i o n da t a f rom E v a l u a t e d N u c l e a r Data 
F i l e B ( E N D F / B ) a s we l l a s f rom o t h e r l a t e r m e a s u r e m e n t s . A n a l y s i s i s 
be ing m a d e of the p h y s i c s m e a s u r e m e n t s of s o m e Z P R - 3 c r i t i c a l a s s e m b l i e s 
(e .g . . A s s e m b l i e s 2, 5, and 6F) s i m i l a r in c o m p o s i t i o n and s i z e to the 
E B R - I I . The E B R - I I m o c k u p and w e t - c r i t i c a l e x p e r i m e n t s a l s o wi l l be 
a n a l y z e d . The c a l c u l a t e d p h y s i c s p a r a m e t e r s wi l l be c o m p a r e d us ing the 
new c r o s s s e c t i o n s and the p r e s e n t c r o s s - s e c t i o n s e t s 238 and 23806. 

A new c r o s s - s e c t i o n se t» is a l s o being g e n e r a t e d u s ing the 
Z P R - 3 A s s e m b l y 46C ( F A R E T oxide c o r e ) a s a m o d e l . T h i s a s s e m b l y is 
s i m i l a r in s i z e and c o m p o s i t i o n to the p r e l i m i n a r y c o n c e p t u a l d e s i g n of 
the E B R - I I oxide c o r e . 

(iv) Study of Nicke l R e f l e c t o r 

(a) C a l c u l a t i o n s of G a m m a - r a y H e a t i n g . The d i s t r i b u t i o n 
of the g a m m a - r a y hea t ing m u s t be known for d e s i g n i n g the n i c k e l r e f l e c t o r 
for the i n n e r r a d i a l b l a n k e t of E B R - I I . A t t e m p t s have b e e n m a d e to ob ta in 
the da t a by u s ing the MAC c o d e , * which w a s d e v e l o p e d for c a l c u l a t i n g 
s h i e l d i n g r e q u i r e m e n t s of t h e r m a l r e a c t o r s r a t h e r than for g a m m a h e a t i n g 
a d j a c e n t to the c o r e of a f a s t r e a c t o r . With the MAC code , the n e u t r o n flux 
in r e g i o n s o u t s i d e the c o r e is f i r s t c a l c u l a t e d u s i n g a c o m b i n a t i o n of r ennova l 
and diffusion t h e o r i e s ; then , the g a m m a - r a y flux i s c a l c u l a t e d fronn the 
g a m m a - r a y s o u r c e s p r o d u c e d by f i s s i o n in the c o r e and c a p t u r e of n e u t r o n s 
o u t s i d e the c o r e . 

•Peterson, E. C, NtAC--A Bulk Shielding Code, HW-73381 (Apnl 1962). 



The magnitude and slope of the neutron flux at the 
core-blanket interface are used as input to calculate the neutron flux in the 
blanket and shielding regions. In this calculation, the neutron flux and 
power distribution are taken to be linear with distance within the core, and 
fission outside the core is not considered. A 31-group flux is obtained for 
noncore regions in which inelastic scattering occurs only in the first six 
groups and in which the neutrons may downscatter a maximum of six groups. 

The gamma-ray flux is obtained with removal theory 
(using correct ion factors for buildup) for one-dimensional slab geometr ies . 
Production of gamma rays is calculated from core fissions and neutron 
captures outside the core . The fission density and the slope of the flux 
at the core-blanket interface are used to obtain the gamma-ray production 
from fissions. 

Because of the orientation of the MAC code to thernnal 
reac tors , many neutron-capture cross sections at high energies are given 
as zero in the code. The code also assunnes that the energy distribution of 
the gamma rays produced by neutron capture is independent of the incident 
energy of the neutron, and it ignores production of gamma rays by inelastic 
scattering. A seven-group energy structure is used by the code with all 
gamma rays of 1 MeV or less contained in the seventh group. A finer 
division of gamma-ray energy of 1 MeV and less is desirable for calculating 
the distribution of gamma-ray heating. 

Transport- theory calculations (see P rogress Report 
for August 1968, ANL-7487, p. 42) were performed to obtain the neutron-
flux quantities used as input for the MAC code. The model for EBR-II 
was a sphere with a core composition similar to that used in Run 27A 
(i.e., a steel reflector in Rows 7 and 8, and a depleted-uranium blanket 
in Rows 9 through 15). The heating rates in iron calculated with the code 
are compared with the rates obtained by other sources in Fig. l .E . l . Con­
sidering the weakness of the MAC code for calculating gamma-ray heating 
in regions adjacent to cores of fast reac tors , the close agreement of the 
resul ts is surprising. However, a high degree of confidence in the heating 
rates is required for designing a nickel reflector. Therefore, efforts 
have been initiated to develop a code for calculating gamma-ray flux from 
transport theory rather than from diffusion or removal theory. 

(b) Worth of Reflector Materials . Three reactor con­
figurations, each with a core loading and outer blanket identical to those of 
Run 27A but with different mater ia ls in the inner blanket, were studied to 
determine the worths of different reflector mater ia l s . The mater ia ls and 
their approximate compositions (placed in Rows 7 and 8 for the investigation) 
were: (1) depleted-uranium blanket (60% ^^'U, 20% steel, 20% sodium); 
(2) steel (80% steel, 20% sodium); and (3) nickel (80% nickel, 20% sodium). 
The values of k j ^ were obtained from second-order SNARG-2D calculations 
in R-Z geometry and six energy groups. The calculated worths a re given 
in Table l .E. l . 
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TABLE l.E.l. Calculated Reactivity (v) Use of T w o - d i m e n s i o n a l 
Worths of Various Materials in Diffusion Code in the ARC S y s t e m . 

Radial Reflector Region . ^ , . . i /T, '7 \ ri , = A t w o - d i m e n s i o n a l (R-Z) f lux-
Reflector Material kp„ Ak/k^ (%) c o n v e r g e n c e ca l cu l a t i on was p e r -

f o r m e d for the loading of Run 27A 
Depleted Uranium 1.0187 - in E B R - I I , us ing the d i f fus ion-
'̂'̂ '̂ ^ '-^^^^ '•** t heo ry modu le of the ARC s y s t e m . 

Nickel 1.0891 6.9 ^, , , . - , , nr^i / i 
The c a l c u l a t e d va lue 1.001 for k 

^Compared to depleted uranium. is c o n s i d e r e d to be c o n s i s t e n t wi th 
the value of 1.037 c a l c u l a t e d wi th 

the SNARG-2D code with n = 2. The running t ime for a k c o n v e r g e n c e of 
3 X 10" ' was 12 min with no input flux and 7.5 min with an in i t i a l flux. 
In i t ia l e x a m i n a t i o n of the r e s u l t s h a s fai led to uncove r any di f f icul t ies with 
the code . 

(vi) Review of H a z a r d s Ana lys i s of UNC 19 E x p e r i m e n t a l 
(UPu)C-fue led E B R - I I R o d s . H e a t - t r a n s f e r ca l cu l a t i ons w e r e m a d e to 
d e t e r m i n e t e m p e r a t u r e d i s t r i b u t i o n s th roughout the e n c a p s u l a t e d s u b a s s e m ­
bly. The ca l cu l a t i ons w e r e b a s e d on the p r o p o s e d l i nea r h e a t - g e n e r a t i o n 
r a t e of 15 kW/ft and the a l lowed coolan t t e m p e r a t u r e r i s e of 130°C. The 
r e s u l t i n g t e m p e r a t u r e s a r e being u s e d to e s t i m a t e s t r e s s e s in the c ladding 
w a l l . 

c . F u e l P e r f o r m a n c e 5 t u d i e s - - M a r k I S e r i e s (C. M. W a l t e r ) 

L a s t Repor t ed : ANL-7518 , pp. 4 1 - 4 3 (Nov 1968). 

(i) I r r a d i a t i o n of E n c a p s u l a t e d M a r k lA F u e l E l e m e n t s . 
F i v e e n c a p s u l a t e d M a r k - I A fuel e l e m e n t s a r e being i r r a d i a t e d to high 
b u r n u p s in E B R - I I . E l e m e n t s B F - 0 2 and B F - 0 3 (in S u b a s s e m b l y X015) had 
r e c e i v e d an e x p o s u r e of 10,158 MWd (3.2 a / o burnup) as of D e c e m b e r 16. 
The o the r t h r e e e l e m e n t s ( B F - 0 4 , B F - 0 8 , and B F - 1 1 , p r e v i o u s l y i r r a d i a t e d 
in S u b a s s e m b l y X017) have been r e t u r n e d to E B R - I I in S u b a s s e m b l y X 0 5 2 , 
and as of D e c e m b e r 16 had r e c e i v e d an addi t ional e x p o s u r e of 840 MWd 
and a total e x p o s u r e of 8060 MWd (2.8 a / o bu rnup) . Ten ta t ive t a r g e t b u r n u p 
for X 0 5 2 (3 a /o ) should be r e a c h e d dur ing E B R - I I Run 33. 

d. M a r k II D r i v e r F u e l E l e m e n t Deve lopment 

(i) E l e m e n t I r r a d i a t i o n T e s t s 

(a) I r r a d i a t i o n of E n c a p s u l a t e d M a r k - I I Fue l E l e m e n t s 
(M. A. Pugacz ) 

L a s t Repor t ed : ANL-7-518, p . 44 (Nov 1968). 

T h r e e of the 37 c a p s u l e s r e m o v e d from e x p e r i m e n t a l 
S u b a s s e m b l y X 0 2 9 at the end of Run 30 a r e being d e s t r u c t i v e l y e x a m i n e d . 
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The remaining 34 capsules, i r radiated to a maximum burnup of approxinnately 
2.4 a/o in X029, were reassembled in their original positions along with 
three replacennent capsules in a new subassembly designated as X053 and 
returned to the original position 4E3 in the reac tor . As of December 10, 
Subassembly X053 had been exposed to an additional 669 MWd of operation 
for a total exposure of 4807 MWd. Calculated maximum burnups were in 
the range from 2.2 to 2.8 a/o as of December 10. Tentative target burnup 
(4 a/o) should be reached during EBR-U Run 34. 

(b) Encapsulated Irradiations of Prototype Mark-II 
Elements in CP-5 (W. N. Beck) 

Last Reported: ANL-7518, pp. 43-44 (Nov 1968). 

Capsule CP-59 was removed from the reactor 
December 16. As of that date, the three prototype Mark-II elements in the 
capsule had been i r radiated at a maximum clad temperature of 610°C to a 
calculated burnup of 2.8 a /o . In this instrumented experiment, the thermal 
conductivity of the fuel was found to have decreased approximately 59% 
when the fuel had expanded to the inside diameter of the cladding. The 
temperature reduction following the fission-gas re lease in the experiment 
supported the premise that sodium infiltrates the interlinked porosity, 
thereby improving the thermal conductivity. 

The swelling rate of the fuel was nearly linear until 
the fuel volume had increased approximately 20%, after which it followed 
a typical breakaway swelling curve. The initial re lease of fission gas to 
the plenum was rapid, and the quantity released coincided with previously 
determined values for fuel which had exjhinded 33 v /o . After the re lease 
of the fission gas, the plenunn pressure rose gradually to 150 psia, at which 
point an unexplained system malfunction rendered the t ransducer inoperative. 
The samples in Capsule CP-59, as well as those in Capsule CP-58, will be 
destructively examined. 

e. Equipment--Fuel Related (E. Hutter) 

(i) New Control Rod Subassemblies (O. S. Seinn and 
T. E. Sullivan) 

Last Reported: ANL-7518, pp. 44-45 (Nov 1968). 

(a) Increased-worth Control Rod. Previously conducted 
flow tes ts of a Model IHE control rod with the upper shielding piece 
removed and replaced with the B4C-cluster mockup indicated excessive 
p re s su re drops. In an attempt to reduce the p re s su re drop to an acceptable 
level, the lower shield piece was redesigned. Flow tests of the rod contain­
ing the redesigned shield piece revealed a significant reduction in p r e s s u r e 
drop. 



Additional experimental designs are being made to 
reduce p re s su re drops further; one design will incorporate a p r e s su re -d rop 
recovery feature in the B4C capsules. These experimental designs will be 
tested to ascer ta in their predicted effectiveness. 

After an adequately low internal p ressu re drop of the 
coolant has been achieved, the orificing system at the control-rod inlet 
will be designed to provide the desired specific flow value and the necessary 
flow variation with rod lift. 

(ii) Oscillator Rod--Mark II (O. S. Seim, J. A. Pardini , and 
T. E. Sullivan) 

Last Reported: ANL-7513, p. 57 (Oct 1968). 

The detailed drawings for fabricating the modified osci l la tor-
rod drive have been completed and are ready for checking. 

Fabrication of the Mark-IIB oscillator rod is approximately 
95% complete. The rod will be flowtested in a water loop when completed. 

Tests of the partially completed adapter sleeve for the 
osci l la tor-rod storage basket and of the sleeve-handling tool revealed that 
the handling tool did not consistently engage the adapter sleeve because of 
binding of the fingers on the indexing ba r re l . The handling tool is being 
revised to provide a nnore positive engagement. Drawings of the revisions 
are complete, and the revised components are being fabricated. 

The components of the sodium-test fixture have been 
fabricated, and the fixture is being assembled. 

f. New Subassemblies Design and Experimental Support 
(E. Hutter) 

(i) Irradiation Subassemblies (O. S. Seim and W. R. Ware) 

Last Reported: ANL-7518, pp. 45-46 (Nov 1968). 

(a) Mark B. A variation of the standard Mark-B-61 sub­
assembly is being designed to accept a new mixed-oxide fuel element 
proposed by Pacific Northwest Laboratory (PNL) for use in the F F T F 
program. 

The present Mark-B-61 accepts 61 elements, each 
60-5 in. long and 0.220 in. in diameter . The"se elements are wrapped with 
a 0.052-in.-dia helical spacer wire on a 6-in. pitch. The new subassembly 
(the Mark B-61A) will contain 61 elements of the same length but 0.230 in. 
in diameter and wrapped with a 0.040-in.-dia helical spacer wire on a 
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12-in. pitch. When these elements are installed on a standard B-61 grid, 
they will provide 0.002 in. more growth space between elements in the 
bundle. This additional clearance has been requested by PNL and RDT to 
accommodate the anticipated swelling of these elements during long-term 
i r radia t ions . After periodic interim examinations, these elements may 
have to be reassembled into a s tandard-sized hexagonal can for further 
irradiat ion. Assuming an anticipated swelling of 1.5% for the Type 304 
stainless steel tubing of the element, remote reassembly of the elements 
would be difficult without the additional 0.002-in. growth space. 

The effects of the additional initial clearance in the 
element bundle cannot be clearly defined, and ways to provide a nominal 
clearance and yet permit easy reassembly are being studied. One concept 
being investigated would indent the sides of the outer hex can with hash-
mark indentations similar to those now used on several other types of 
subassemblies . These hash marks could be located above and below the 
region of expected swelling (the core region). This concept would provide 
reasonable support and good damping to the element bundle without in ter ­
fering with reassembly operations. 

(b) Mark-E-37. Hydraulic flowtests of the Mark-E-37 
subassembly were performed to determine the pressure drop versus flow 
charac te r i s t ics . The tests were made in the stainless steel p ressur ized-
water loop, and data were collected for reactor row positions 1 through 5. 
The data obtained from the tests , based on a reference 67-subassembly 
core, are presented in Table I.E.2; Table I.E.3 shows the standard 
reference flow versus p ressure drop values for a standard EBR-II core 
subassembly. 

% 
TABLE I.E.2. Rr iu l t s of Flowtest of TABLE I E 3. Rrferencr Flow veraui P r e i i u r e -
Mark-E-37 Irradiation Subassembly drop Values for EBR-U Standard Core Subassembly 

Reactor 
Row 

I, 2 
3 
4 
5 

Effective P r e s s u r e 
Drop (pai) 

38 
39 
34.5 
34 

Sod 
at 

ium Flowrate 
800°F 

93 
88 
72 
63 

(gpm) 
Reactor 

Row 

1, 2 
3 
4 
5 

Effective P r e s s u r e 
D: rop (psi) 

38 
39 
34.5 
34 

Sod 
al 

ium Flowrate 
800°F (gpm) 

139 
123 
93.5 
78 

A separate test was made of the subassembly in Row 5 
position and without the screen-type top collector. The resul ts indicated 
that the p ressu re drop through the collector is approximately 1 psi; this 
is considered to be satisfactory. 

(c) Mark -E-61 . Further modifications were made to 
lower the p ressu re drop through the Mark-E-6 1 subassembly and to 
increase the integrity of the lower collector section. The previous designs 
of the Mark-E-61 employed the standard STB (stainless-tr if lute-blanket) 
shield pieces above and below the core region. This type of shield piece 
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has been replaced with the SCPS (stainless central-plug shield) type of 
shield pieces to lower the pressure drop of the coolant through the subassem­
bly and to improve the shielding slightly. The configuration of the SCPS 
shield also allows the lower collector to be made integral with the shield, 
thus providing a thicker wall section to contain any debris and to eliminate 
the possibility that this debris may contact the outer wall of the hex can. 

Additional alternatives of the Mark-E, to test 
0.174-in.-OD metallic-fuel elements in bundles of 19 and 37, a re being con­
sidered. These smal le r -s ized ar rays will require extensive redesign of 
the present 61-element concept. 

g. Instrumented Subassembly (E. Hutter) 

Last Reported: ANL-7518, pp. 47-48 (Nov 1968). 

(i) Research and Development (A. Smaardyk and H. H. Hooker) 

(a) Prototype Fuel-pin Thermocouples (A. E. Knox) 

Delivery of the additional thoria insulators required 
for making more than nine thermocouples (seven for the subassembly plus 
two spares) is expected in mid-February. 

A representative hermetic seal was found to be leak-
tight after being internally pressurized to a 135-psi differential p r e s su re 
at 1150°F. The seals have been deemed suitable for the instrumented sub-
subassembly. 

The status of thermocouple fabrication is as follows: 
All adapters have been fabricated, and all Kovar tubes have been welded to 
hernnetic seals and leaktested. All W-3% Re/W-25% Re wires have been 
prepared and are being junctioned. Machining of the alumina insulators 
to be used in the hermetic seals is approximately 60% complete. All fixtures 
required for fabricating the thermocouples have been completed. All of 
these fixtures have been tested, except the fixture for brazing the Type 308L 
stainless steel and Alumel wires into the hermetic seals , and proved sa t i s ­
factory. The brazing fixture is being tested. Thermocouple assembly will 
begin when enough usable tantalum tubing is available. Eddy-current testing 
of this tubing is nearly complete. 

(b) Coolant and Clad Thermocouples. All thermocouples 
from one of the two vendors have been delivered. The second vendor has 
partially completed delivery. 
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(c) Plant Modification Document--Electr ical Installation 
Notes (W. M. Thompson) 

The Electr ical Installation Notes for the Plant 
Modification Document have been completed and are being reviewed. 
These notes contain the complete instructions for incorporating the control 
and interlocking functions of the drive system of the instrumented subassem­
bly into the fuel-handling control system. They include wiring and cabling 
d iagrams, sketches showing the changes and additions to be made in the 
fuel-handling console, and an overall schematic. 

(d) Temporary Control Console (W. M. Thonnpson) 

The temporary control console for the instrumented 
subassembly has been built, wired, and tested. The various electr ical 
components of the mechanism have been fitted and wired, and the temporary 
e lect r ical connections to the console have been made. The console was used 
before and during the Decennber 16-17 "rehearsa l test ," and performed 
successfully in all of its functions. 

(e) Rehearsal Test. A " rehearsa l test" of the instrumented 
subassembly system was conducted on December 16 and 17 to verify fit and 
operation of various components. 

The drive system (consisting of the center-colunnn 
extension, the guide track, the elevator assembly, force switches, etc.) 
was installed in the reac tor mockup during the week pr ior to the test . 
An elect r ical control console was fabricated and connected to the drive 
system to regulate the raising and lowering operations. The system was 
wired so that signals from the load-sensing devices and limit switches of 
the drive system would tr igger shut-off responses in the control console 
(s imilar to the responses in the actual operation). 

The instrumented subassembly package (consisting of 
the subassembly, the extension tube, and the terminal box) for the r ehea r sa l 
test was constructed and assembled according to procedures being used in 
constructing the instrumented subassembly package for Test I. Twenty-two 
leads extended from the subassembly, three of which were from instrument 
thermocouples . These thermocouples were checked for e lectr ical continuity 
and res i s tance , and remained intact and operable throughout the assembly 
and installation operat ions. 

The instrumented subassennbly package was brought to 
the full-scale reactor mockup in Building 331 at ANL in the same shipping 
container that will be used to ship this equipment to Idaho. The shipping 
container was brought into the building in the horizontal position, ra ised to 
the ver t ical position, and inser ted into a well constructed to support the 
shipping container in the vert ical position. 
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The package was removed from the shipping container, 
inserted into the mockup of the control-rod penetration, and attached to the 
drive system. This installation was accomplished according to the "Installa­
tion Procedures for EBR-II Instrumented Subassembly Prototype ( I2 /3 /68) . " 
The terminal box on the instrumented subassembly package was charged with 
helium to 15 psig. There was no perceptible p ressu re drop after 30 hr; this 
verifies the leaktightness of the box. 

The subassembly was driven to the full-up and full-
down positions several times to check the engagement of the full-up and 
full-down interlock yokes, the actuation of the limit switches, and the 
action of the drive unit. The frictional resis tance to the vert ical drive 
measured 30 to 90 lb, and the load-sensing devices were adjusted to be 
sensitive to resis tance forces in excess of 90 lb. The drive system 
operated satisfactorily. 

The subassembly was then disassembled. The exten­
sion tube was uncoupled from the subassembly, the coupling was removed, 
and the lead-cutting tool was inserted into the extension tube and connected 
to the drive system of the tool. The drive motor was energized and the 
lead-cutting operation was performed while the current of the drive motor 
of the cutting tool was monitored and recorded on a s t r ip -char t . Cutting 
was indicated on the s t r ip-char t record by current peaks. Because of the 
additional friction caused by the large number of leads being cut, the 
peaks were not finite enough to indicate clearly each separate lead cut; 
however, completion of the lead-cutting operation was clearly indicated. 
After the leads had been severed, the lead-cutting tool and the extension 
piece were removed from the mockup according to the "Removal Procedure 
for the EBR-II Instrumented Subassembly Prototype ( I2 /3 /68) . " 

The rehearsa l test was performed without difficulty. 
All of the equipment functioned properly, and the instrumentation remained 
operable throughout the test. 

h. Packaged Loop (R. E. Rice) 

Last Reported: ANL-7513, pp. 67-71 (Oct 1968). 

The l i terature is being searched to determine the present s t a te -
of-the-art of the annular-linear-induction (Einstein-Szilard type) pump. P r e ­
liminary design calculations are being made for a smal l -d iameter , high-
temperature pump that would fit within the loop thimble. 

Heat-transfer calculations are heing made for a packaged 
sodium loop with an internal pump arrangement . Loop heat would be 
rejected as much as possible to the reactor coolant in the reactor outlet 
plenum and to the bulk sodium above the vessel cover to cool the loop 
sodium before it reaches the pump. The remaining heat would be rejected 
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to the reactor coolant flowing through the test thimble. A calculation using 
the HECTIC code was completed for the temperature distribution and p r e s ­
sure drop in the fuel and blanket sections. 

The problem of providing the necessary radiation protection 
for personnel during the removal of a complete packaged loop has been 
re-examined. Distance and portable personnel shielding still appear to 
offer the most feasible protection during this infrequent operation. 

A survey is being continued to find available h igh- temperature , 
high-strength s teels that might be used in place of stainless steel in the 
packaged loop. If safety studies require a system design p ressu re higher 
than 1000 psig, it may be necessary to use a steel with higher strength or 
higher thermal conductivity, or both. 

A brief look was taken at the possibility of combining the 
functions of a nonfueled packaged loop with the functions of an in-core 
instrument test facility. Tentative conclusions are; (a) it would be feasible 
to combine these functions so long as the instruments to be tested and the 
mater ia l samples are small in diameter; and (b) the design and operating 
problems with such a loop would be somewhat less than those with a fueled 
packaged loop. However, the programmatic justification for such a dual-
purpose loop is not c lear . A memorandum was sent to the LMFBR Program 
Office requesting their opinion on possible need for such a dual-purpose 
facility. 

i. P roces s Chemistry (D. W. Cissel) 

Last Reported: ANL-7518, pp. 48-49 (Nov 1968). 

(i) Sodium Coolant Quality Monitoring and Control 
(W. H. Olson, C. C. Miles, E. R. Ebersole , and 
G. O. Haroldsen) 

(a) P r imary Sodium 

(1) Sampling. The new purification-loop sampling 
system was filled with sodium and checked out. Flowmeters were calibrated 
by measuring the time required to fill a tank of known volume. A new 
"overflow" type of sampler , designed to fill four beakers or crucibles 
simultaneously, was successfully tested. Sodium which overflows the 
beakers during flushing is returned to the purification system ra ther than 
being dumped to a waste tank as it was in the old sampling system. Other 
innprovements over the old sampling system are: 

(a) sample lines tap directly off the purification 
lines at the inlet and outlet of the cold trap ra ther than off the lines of the 
plugging indicator; 



(b) a small EM pump is provided to ensure flow 
through the sample loop when the p ressure drop across the cold trap is not 
sufficient to drive the flow through the sampling system; 

(c) the sampling system is automatically shut 
down and isolated from the purification system by signals from leak 
detectors on valves and samplers or from a high-sodium-level detector 
in the overflow sampler . 

(2) Radionuclides. The resul ts of analysis for '^'l in 
two samples of pr imary sodium are listed in Table I.E.4. 

TABLE I.E.4. '^'l in P r imary Sodium 

Sample 
Date 

Results 
Corrected to 

nij 

(pCi/g) 

11/14/68 
11/18/68 

ll/l4/6fi 
I1/18/6S 

6.75 x 10'^ 
1.12 X 10"' 

(3) Trace Metals. A sample of pr imary sodium 
taken on November 8, 1968, was analyzed for some trace metal impurit ies 
by atomic absorption spectrophotometry. Results of the analysis are given 
in Table I.E.5. 

TABLE I.E.5. Trace Metal Impurities 
in P r imary Sodium 

Metal 
Concentration 

(ppm) Metal 
Concentration 

(ppm) 

Bl 
Cd 
Cu 

1.5 
<0.05 

0.5 

Pb 
Sn 

11.1 
19.3 

The distillation of sodium spiked with rad io t racers 
of zinc-65, cadmium-109, iron-59, and tin-113 was studied. The resul ts show 
that 99.5% of the zinc and 88% of the cadmium were codistilled with sodium. 
No loss of iron and tin activities was observed. 

A titanium burner has been made for the atomic 
absorption spectrophotometer to provide a reliable determination of iron. 
A heated titanium aspiration chamber is being incorporated into the burner 
system to study the improvement in the sensitivity of the atomic absorption 
due to hot aspiration of solution. 
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The increase in the sensitivity of the atomic 
absorption of metal oxinates in the MIBK phase is under study. Data for 
the oxine-MIBK extraction system are lacking, and extraction of %'arying 
amounts of water into the MIBK phase might affect the reproducibility of 
resu l t s . A preliminary oxine-chloroform extraction is being studied for 
preparing metal oxinates in MIBK phase. 

(4) Oxygen. Pr ior to placing the new cold trap into 
service, two samples of pr imary sodium were taken and analyzed for oxygen 
content by the mercury amalgamation method. One sample was taken in an 
extrusion vessel and the other in l /2- in . stainless steel tubing. Results of 
the analyses are shown in Table I E.6. The plugging temperature of the 
pr imary sodium was in the range 260-280°F when these samples were taken. 

TABLE I.E.6. Oxygen Content of Pr imary Sodium 

Sample 
Date 

No. of 
Aliquots 

Oxygen 
(ppm) 

11 /25 /68 Extrusion Vesse l 
11 /25 /68 Tube 

6.6 • 2 .0 
6 .1 t 1.2 

(5) Carbon. A sample of pr imary sodium taken 
November 25, 1968, was analyzed for carbon by the oxyacidic flux method. 
The average carbon content in three aliquots was 1.96 + 1.0 ppm. 

(6) Uranium. A 10-g sample of pr imary sodium was 
taken in a high-purity tantalum cup on December 13, 1968. The sodium was 
removed from the sample by vacuum distillation, and uranium in the dis t i l ­
lation residue was determined by a sodium fluoride fluorimetric method. 
The analysis showed that the concentration of uranium in the sodium was 
less than 0. 2 ppb. 

(b) Secondary Sodium 

(1) Trace Metals. A sample of secondary sodium 
taken December 3, 1968, was analyzed for trace metal impuri t ies . Results 
are listed in Table I.E.7. 

TABLE I.E.7. Trace Metal Impurities in Secondary Sodium 

Metal 

Al 
Bi 
Cd 
Co 
Cr 
Cu 

Concentration (ppm) 

1.0 
<0 .1 
<0 .025 
^0.07 
<0.04 
v0 .03 

Metal 

Fe 
Mn 
Ni 
Pb 
Sn 

Concentration (ppm) 

0.25 
<0 .016 
<.0.08 

0.8 
<:i.o 

(2) Oxygen. Results of analysis for oxygen in 
secondary sodium by mercury amalgamation are listed in Table I.E.8. 
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TABLE I E , 8 . Oxygen Content of Secondary Sodium 

Sample No. of Oxygen 
Date Conta iner Aliquots (ppm) 

10 /25 /68 Ex t rus ion Vesse l 
10 /25 /68 Ex t ru s ion Vesse l 
10 /25 /68 Ex t ru s ion Vesse l 
I I / 1 8 / 6 8 Ex t ru s ion Vesse l 
I I / I 8 / 6 8 3 /8 - in . SS Tube 

2 
4 
3 
3 
3 

4.1 t 0.5 
6.0 * 1.6 
6.1 t 2.3 
5.2 ± 2.8 

12.7 i 0.7 

(3) Carbon. Recovery tests using the oxyacidic flux 
method are being continued for different carbon compounds. Four carbides 
have been purchased from Consolidated Astronautics, Long Island City, 
New York. Information furnished by the vendor follows: 

Carb ide Compos i t ion 

Boron Carb ide B- -77%; C - - 2 1 % 
Chromium Carb ide C r - - 8 6 . 2 % ; C - - 1 3 % 
Silicon Ca rb ide S i - -70 .0%; C--29 .9%; 

free C - - 0 . 6 % 
Z i r con ium Carb ide Z r - - 8 7 % ; C - - 1 1 . 5 % 

The zirconium carbide was chosen for the first 
recovery tests because it contains the lowest fraction of carbon. Weighing 
e r r o r s thus translate into considerably smaller e r ro r s in the computed 
annount of carbon. Using a Cahn Electrobalance, microgram quantities of 
zirconium carbide were weighed into preignited quartz vials. These samples 
were then combusted in the K2Cr207 flux without sodium. Table I.E.9 gives 
the results of the first three tes ts . 

TABLE I .E .9 . C a r b o n - r e c o v e r y T e s t s Using Z i rcon ium Carb ide (Sodium Absent ) 

Amount Z r C Computed Carbon Amount Carbon R e c o v e r y 
Weighed In (/jg) P r e s e n t (/jg) Recove red {j^g) {%) 

840 96.6 95 97.4 
501 57.6 57 98.2 
541 62.2 65 103.0 

Mean Recove ry 99.5 t 2% 

Recovery tests for the other carbides are planned, 
with and without sodium present. 

(c) Pr imary and Secondary Argon. Table I.E.10 l ists 
high, low, and average concentrations of hydrogen and nitrogen in the p r i ­
mary and secondary cover-gas systems. 

TABLE I .E. 10. Hydrogen and Ni t rogen in P r i m a r y and Secondary Argon (ppm) 

Hi 

High 

108 
6,500 

P r i m a r y 

Low 

0 
2,500 

Avg 

18 
4,700 

. High 

0 
400 

Se condary 

Low 

0 
200 

Avg 

0 
300 
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j . Experimental Irradiation and Testing (H. Lawroski) 

Last Reported: ANL-7518, pp. 50-53 (Nov 1968). 

(i) Experimental Irradiations (R. Neidner) 

(a) Status of Experiments in EBR-II. The status of the 
experimental irradiation subassemblies in EBR-II as of the end of Run 32 
is shown in Table I.E. 11. 

TABtE I . E I l s ta tus ol EBR-I I E ipsr ln ien la l I r r M K I I o n s 

SulMSsembly 
(Posit ion 1 

XC03 

(7011 

XCOI 

(7B1I 

XA08 

(4F2) 

XOIO 

(7f3 l 

X012 

(4821 

X015 

(4A2I 

X018 

I2B1I 

xon 
(6D2I 

XO20 
(6651 

X025 
(4E2I 

X027 
(4B3I 

X032 
(6ESI 

X033 
(5E2I 

X034 
(2fll 

Dlle 
Ctiirged 

7/16/65 

7/16/65 

12/13/65 

3/24/66 

iJlOItt 

11/15/66 

12/tf66 

1/1V67 

1/1V67 

laiuti 

11/21/67 

11/22/67 

12/22/67 

4/13/68 

Capsule Content an{ 
Numtier ot Capsules 

UO2-20 Wo PuOj 
Stainless Dummies 

UO2-2O w/o PuO^ 
Stainless Dummies 

UC-20 Wo PuC 
Structural 
Structural 

UO2-20 w/o Pu02 
Structural 
Structural 

UOz-20 w/o PuO? 

UO2-2O w/o Pu02 
UO2-2O w/o Pu02 
UC-20 w/o PuC 
U-Fs(Marli-IAI 

Structural 
Structural 
Structural 
Structural and Heavy-

metal Fjsslon-yjeld 
Sample 

UO2-20 w/o Pu02 
UC-20 w/o PuC 
Structural 
Graphite 

U02-Pu02 
UC-20 w/o PuC 
Structural 
Structural 
Graphite 

Structural 

U0^25 Wo Pu02 
Structural 

U02-25 Wo Pu02 

UC-20 w/o PuC 

Structural 

1 
( 1 

( 21 
(171 

( 21 
ll?l 

1 81 
( 91 
( 21 

1 41 
n i l 
1 4! 

119) 

(111 

( 21 

( 41 

1 21 

( 31 

1 11 

( 21 

( 11 

1 71 

1 31 

1 81 

1 11 

( 91 

( 31 

( 41 

( 21 

( 11 

1191 

1181 

I 11 

(191 

(191 

( 71 

Experimenter 

CE 

C£ 

ANt 

ANL 

GE 

GE 

ANL 

PNL 

NUMEC 

NUMEC 

GE 

ANL 

ANL 

CE 

PNL 

ANL 

ANL 

GE 

UNC 

PNL 

PNL 

GE 

UNC 

PNL 

ANL 

PNL 

CE 

GE 

PNL 

PNL 

UNC 

ORNL 

Accumulated Exposure 

IMWdl al End ol Run 32 

H,6X 

19,600 

15.770 

16.531 

12.370 

10./15 

10.746 

% 

9.150 

9.it3 

t.m 

6.a6 

6.189 

t i lB} 

M I S 

Estimated Goal 
Exposure (MWdl 

23.300 

45.000 

20. POO 

20.400 

21.400 

11.500 

22.900 

U.OOO 

13.000 

/.7X 

7701 

11.900 

10.900 

14800 

Approi Accumulated Burnup 
duels-a/ol 
(nonluHs-nvt • 10'22| 

5.1 

5 1 

9.8 
5.8 
5.8 

6 1 
3.3 
3.3 

75 

6.4 
5.9 
6.5 
24 

44 
4.4 
4.4 

4.4 

3.3 
3.9 
25 
25 

3.4 
4.1 
U 
2.6 
26 

31 

42 
25 

2.6 

32 

2.6 
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TABLE I,£.11 IConlO.l 

Subassembly 
(Positionl 

X035 
I7B4) 

X036 
(7E1I 

X038 
(7C51 

X039 
I3C21 

X040 
(5B2I 

X041 
(7A31 

X042 
(7051 

X044 
(7A1I 

X051 
(3A21 

X052 
I4C31 

X053 
(4E3I 

Date 
Charged 

4/13/68 

7/25/68 

5/7/68 

8/15/68 

8/14/68 

7/24/68 

7/24/68 

9/28/68 

12/16/68 

11/25/68 

11/27/68 

Capsule Content and 
Number of Capsules ( 1 

Structural 

U02-25 w/o Pu02 

Structural 

U02-25 w/o Pu02 
UC-20 w/o PuC 
Structural 
UO2-20 w/o Pu02 
UO2-2O w/o Pu02 
Structural 

UO2-2O w/o Pu02 
U02-25 w/o Pu02 

Structural 

Boron Carbide 
Tantalum 

Oxide Insulator 

U02-25 w/o Pu02 

Mark-IA 

Mark-II 

( 71 

1191 

( 7) 

1 51 
1 11 
1 41 
( 11 
( 71 
( 11 

1191 
(161 

( 71 

( 41 
( 3) 

1 11 

(371 

1 31 

1371 

Experimenter 

ORNL 

GE 

INC 

PNWL 

LASL 

GE 

ANL 

GE 

GE 

ANL 

GE 

PNL 

PNL 

PNL 

WSL 

PNL 

ANL 

ANL 

Accumulated Exposure 

IMWdl al End ol Run 32 

5,998 

4,284 

5.489 

2,532 

3.574 

3,950 

4,363 

2,625 

545 

1.397 

1.397 

Estimated Goal 

Exposure (MWdl 

44,800 

33,300 

17.700 

3.000 

7.000 

16,700 

27.800 

8.100 

16.400 

1.400 

1.400 

Approx Accumulated B u r n u p 

(luels--a/ol 
(nonluels-nvt x 10-"1 

1.5 
1.6 
1,0 

0.5 

0.8 

1.2 

1.1 

1.1 

1.0 
1.5 
1.0 

• 37= • 5,2 

• 3.7= • 5.3 

• 4.7= • 5.7 

1.7 

1.8 

0.8 

0.9 

05 

03 

• 2.4= • 2.9 

• 25= • 3 3 

=Prevlous exposure f rom another subassembly. 

Special Subassembly X052, containing three encapsu­
lated Mark-IA fuel pins from X017, was remotely assembled in the Air 
Cell and charged into core position 4C3. This subassembly is a modified 
Mark-A design in which 16 of the 19 channels are occupied by solid stainless 
steel rods to provide a satisfactory flow pattern for meeting test and temper­
ature cr i ter ia . The subassembly is scheduled for irradiation in Run 32 only 
(consisting of Runs 32A. 32B, and 32C) 

Subassembly X053 (reconstituted X029) was also r e ­
motely assembled in the Air Cell and loaded into the reactor in position 4E3. 
Of the 37 encapsulated Mark-II fuel pins in the subassembly, 34 were r e a s ­
sembled from XO29 and 3 are new, unirradiated capsules. 

Subassembly X051, of Mark-F-37 design, was loaded 
into grid position 3A2 after the end of Run 32A This subassembly contains 
37 mixed-oxide elements fronn series PNL-3. Each element is 0.250 in. in 
diameter and uses a 0.062-in.-dia spacer wi;-e. This is the first loading of 
a Mark-F-37 subassembly in EBR-II. 
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(b) Status of Irradiation Experiments Given Approval in 
Principle . The status of all irradiation experiments that have been given 
approval in principle but have not been loaded into the reactor is summa­
rized in Table I.E. 12. 

TABLE I.£.12. Status of Experiments with Afiproval in Principle 

Sponsor 

ANL 

BMI 

GE 

INC 

LASL 

NRL 

ORNL 

PNL 

UNC 

W 

Material of Test 

Oxide fue l . Group 0 - 3 

D r b i d e lue l . Group C-5 

M a r k - I I fuel lunencapl 

M a r k - I I fuel lencapl ' 

Metal fue l . M-4 

St ruc tura l , Group S-9 

Magnetic materials 

Inst rumented sutiassembly 

Nitride fuels 

Oxide fuels. Group 7 

Oxide fuels. Group 5 

Oxide fuels (unencap), Group 9A 

Oxide fuels lunencapl . Group 98 

Oxide fuels lunencapl . Group 9C 

Oxide fuels lunencapl . Group 9D 

Structura l 

Carbide fuels 

Structura l materials 

Oxide insulators 

Sol-Gel oxide fuel 

Oxide fuel (unencapl , PNL-4 

Oxide tuel (unencapl, PNL-5 

Graphite materials 

Thermocouple materials 

Carbide fuel (UNC 881 

Carbide fuel (UNC 129-14/1 

Carbide fuel (UNC 185-1901 

Carbide fuel lUNC 191-2091 

Carbide fuel ( • V-a l loy l 

Carbide fuel 1 * v -a l loy l 

No. ol 

Capsules 

19 

19 

455 

25 

19 

19 

7 

1 

4 

4 

19 

37 

37 

371 

37 

14 

« 
7 

7 

5* 

37 

37 

7 

5 

2 

1 • 

19 

6 

19 

4l 

12 

Suggested 

Reactor 

Row= 

Core 

4 

9 

Date ol 

AlP 

9/22/67 

9/22/67 

9/22/67 

6 /V67 

2/13/68 

9/22/67 

6 /8 /6 / 

5/9/68 

8 /28 /M 

9/2/66 

1/2(V67 

1/20/67 

5/9/68 

5/W68 

5/9/68 

sneiii 
2/27/67 

imi 
9/21/6/ 

5/9/68 

9/21/67 

9/21/67 

7/31/67 

7/31/67 

7/31/67 

12/9/65 

6/W7 

l/2(y67 

8/28/68 

8/28/68 

8/28/68 

Estifnated 

Delivery 

1/69 

Indelinite 

2/69 

ilvf-
Indel in i le 

2/69 

1/69 

2/69 

1/69 

2/68^ 

1/69 

11/68^ 

2/69 

12/68 

1769 

1/69 

2/69 

2/69 

2/69 

12/68 

1/69 

12/68 

Indel in i te 

Indefinite 

2/68^ 

KVee^ 
1/69 

uaf-
4/69 

1/69 

Indef ini te 

^Based on fission rates at a reactor power o( 50 MWt. 

^Replacements (or capsules of same type whose irradiation is nearing completion (e.g.. SutMssemWy X029I. 

(̂ Oate received. 

''Six capsules delivered.- expected delivery ol others as indicated. 

^Four capsules delivered; expected delivery o( other as indicated. 

'Two capsules delivered; expected delivery o( others as indicated. 

9Space-available tiasis. 

(c) New Experimental Subassembly Design. Two new ex­
perimental subassembly designs have received final approval for reactor 
use: the Mark-C-19 and -C-37 (same basic design) and the Mark-H-37. 

The Mark-C design features a concept of split internal 
flow. The central flow is heated by passing it over the fuel samples, and 
the annular flow bypasses the fuel samples and remixes with the heated 
central flow above the fuel but before leaving the subassembly. 
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The des ign of the M a r k - H , s i m i l a r to that of the 
M a r k - F , p r o v i d e s an inne r hex flow s h r o u d to con ta in 37 fuel e lennents 
of 0 .250- in . d i a m e t e r with s p a c e r w i r e s of 0 .040- in . d i a m e t e r . The s p a c e 
b e t w e e n the flow s h r o u d and ou te r hex can would con ta in only w e e p a g e 
s o d i u m when in u s e . 

In i t i a l d e s i g n ef for ts have b e e n s t a r t e d on a new 
s u b a s s e m b l y which would conta in 61 e l e m e n t s of 0 .230- in . d i a m e t e r wi th 
0 . 0 4 0 - i n . - d i a s p a c e r w i r e s . 

(ii) Handl ing and E x a m i n a t i o n 

(a) Tes t i ng of P r o c e d u r e s for R e m o v i n g Sodium fronn 
S u b a s s e m b l i e s . The p r e s s u r i z e d t ubes s e l e c t e d for i n v e s t i g a t i o n f r o m 
S u b a s s e m b l y X900 w e r e d e p r e s s u r i z e d a f te r t h e i r fifth and final w a s h 
cyc le M e t a l l o g r a p h i c i n v e s t i g a t i o n of t h e s e s o d i u m - t o - w a t e r - c y c l e d 
spec innens was i n i t i a t ed . 

(i i i) P r o c u r e m e n t and N o n d e s t r u c t i v e T e s t i n g (G. K Whi tham 
and D C- Cutfor th) 

(a) Tubing P r o c u r e m e n t . D e l i v e r y of the 0 . 2 9 0 - , 0 . 3 3 5 - , 
and 0 . 3 7 5 - i n . - O D tubing o r d e r e d e a r l y in the fal l has b e e n d e l a y e d unt i l 
A p r i l 1969. The s t a i n l e s s s t e e l s t r i p to be u s e d for m a k i n g the tubing has 
b e e n r e j e c t e d by the tubing m a n u f a c t u r e r b e c a u s e of an odd g r a i n - b o u n d a r y 
cond i t ion . The s t r i p wi l l be r e m e l t e d and r e r o l l e d , and is s c h e d u l e d for 
r e d e l i v e r y to the tubing m a n u f a c t u r e r l a te in F e b r u a r y 1969. C u r r e n t 
s u p p l i e s of tubing wi l l l a s t unt i l s p r i n g 

A p u r c h a s e o r d e r is be ing i s s u e d for 2000 ft e a c h of 
0 ,805 - and 0 2 2 0 - i n . - O D tubing 

(b) I m p r o v e d R e s o l u t i o n f r o m N e u t r o n R a d i o g r a p h y . A 
r e j e c t e d d r i v e r - f u e l pin f r o m the cold l ine was e n c a p s u l a t e d in M a r k - B - 3 7 
h a r d w a r e and n e u t r o n r a d i o g r a p h e d s e v e r a l t i m e s at T R E A T with d i f f e ren t 
e x p o s u r e c o n d i t i o n s . The p a r a n n e t e r s which w e r e v a r i e d w e r e type of 
d e t e c t o r foi l , g e o m e t r y , i n t e g r a t e d d o s e , and b e a m f i l t r a t i o n . The b e s t 
r e s u l t s ob t a ined to da te have been with an u n f i l t e r e d b e a m , a d y s p r o s i u m 
foil , a f i lm d e n s i t y of about 2 .2 , and good e x p o s u r e g e o m e t r y . The gap b e ­
tween the fuel and the c ladding was c l e a r l y ident i f ied on the b e s t r a d i o g r a p h . 

An a n a l y s i s of a - n s o u r c e s was p e r f o r m e d to d e t e r ­
m i n e the po t en t i a l of t h e s e s o u r c e s for n e u t r o n r a d i o g r a p h y . The r e s u l t s 
show that in the o p t i m u m m o d e r a t o r a r r a n g e m e n t one would need 10'° n ^ s e c 
to have a r a d i o g r a p h y s o u r c e equ iva len t to the F C F s o u r c e wi th 7000 Ci 
' " S b . 
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k. FCF Process Analysis and Testing (M. J. Feldman) 

(i) Test and Analytical Methods (M. J. Feldman, J. P. Bacca, 
E. R. Ebersole , and V. G. Eschen) 

Last Reported: ANL-7518, p. 54 (Nov 1968). 

As part of the program to develop the capability for remote 
reencapsulation, the pressure-vacuunn technique for loading sodium into 
capsules was tested. Satisfactory results were obtained. 

I. FCF Equipnnent Improveinents (M. J. Feldman) 

(i) Auxiliary Equipnnent (W. L. Sales and K. H. Kinkade) 

Last Reported: ANL-7518, p. 54 (Nov 1968). 

(a) Pneumatic Transfer System. The receiving and 
sending station for the pneumatic t ransfer system was installed in the 
FCF transfer cell. This completed the hot-sannple t ransfer systenn be­
tween the FCF cells and the analytical caves. Several empty c a r r i e r s 
were sent back and forth, each taking approxinnately 14 sec each way. 

(b) Transfer-cel l Plug and Manipulators. The t ransfer -
cell plug was installed and is operating satisfactorily. Models-D and - F 
nnaster slaves were installed for use with the window and transfer systenn 
in the plug for t ransferr ing i tems directly out of the cell. These manipu­
lators will also operate the pneumatic t ransfer systenn mentioned above. 

When the equipment decontannination and repair facility 
is completed, it will also operate in conjunction with this t ransfer plug. 
Snnall i tems will be brought out through the transfer system within the plug. 
When t ransferr ing large i tems, the entire plug will be removed so that a 
cask can be moved into the t ransfer cell for loading and subsequent move­
ment to the FCF decontamination a reas . 

(ii) Repair and Decontamination (W. L. Sales and K. H. Kinkade) 

Last Reported: ANL-7513, p. 76 (Oct 1968). 

The crane for the nnanipulator repair and decontamination 
facility was received and installed. Final acceptance tests of the contractor-
furnished components are underway. 
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m. Nuclear Instrument Test Facility Study (R. E. Rice) 

Last Reported: ANL-7513, p. 77 (Oct 1968). 

(i) n., . . .f-r-nrP Thimble Modification to Provide a Facil i ty 
for Tests from 650/700"F to 1200"F (J. PTCerchione) 

The Prel iminary Feasibility Study and Conceptual Design 
Description for this facility is being revised- It will include a section 
describing the facility for sodium prooftesting that was originally proposed 
for prooftesting of components. An accelerated schedule for this high-
temperature nuclear instrument test facility (NITF) may eliminate any 
possibility of out-of-pile prooftesting of components. 

Construction of a sodium-prooftest loop may still be nec­
essary to fulfill component-testing requirements of the packaged loop and 
future projects. Tentative specifications for the loop provide for a sodium 
flowrate of 25 to 30 gpm at 16 to 20 psi and a system tempera ture of 700°F. 
The flow and head specifications are limited by an available EM pump, and 
the 700°F temperature was selected to simulate the EBR-II pr imary- tank 
temperature. The size of the loop-test tank tentatively has been established 
as 18 in. in diameter and 20 ft high. This size would permit testing of full-
sized nuclear instrument test thinnbles and packaged loops. 

Prel iminary design of the heater controls and temperature 
instrumentation for the NITF is in p rogress . Different methods are being 
investigated for controlling the heaters to be installed in the thimbles. 
DC power is expected to be supplied by a t ransfornner-rect i f ier power 
supply, with contactors controlled by temperature sensors in the thimble. 
A variable-voltage t ransformer can be employed to adjust power input to 
the heaters to connpensate for heat losses . This method should improve 
control and reduce the frequency of contactor operation. Each heater 
section will have individual variable-voltage control. A higher voltage, 
supplied by a t ransformer tap and controlled by a manually operated switch, 
may also be provided to increase power input to the heaters during heatup 
to operating temperature . 

A new design concept of the NITF is being developed. This 
concept will include a 5-ft-long oven for heating the detector cable to 1200°F, 
but will not include a vert ical detector t ravers ing mechanisnn. A list of 
pertinent questions was sent to proposed experimenters who will make use 
of the facility. Of pr imary concern are the outer dimensions of the nuclear 
detectors and cables. Also of concern is the flexibility of the high- temperature 
cables that must be passed through spiral-shaped tubes in the shield plugs 
for the thimble. 
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n. Feasibili ty Study of Fuel Failure Detection--Chemical and 
Mechanical Methods 

(i) Trace Elements Analytical Techniques (C. E. Crouthamel) 

Last Reported: ANL-7518, p. 56 (Nov 1968). 

The goals of the program for fuel-failure detection are to 
select suitable tags for individual subassemblies and to develop nnethods 
for identifying the tagged elements in liquid sodiunn. Antimony is one of 
the elements being considered for use as a tag. The composition of naturally 
occurring antimony is 57.25% '^'Sb and 42.75% '^^Sb. Antimony that is highly 
enriched in each isotope is available, and various mixtures of these enriched 
isotopes would provide a large number of unique tags. The identification of 
a tag released from a failed element would be made by deternnining the iso­
topic ratio of the tag mixture. This method of tag identification has been 
discussed previously in connection with the proposed use of xenon isotopic 
tags (see P rog re s s Report for April 1968, ANL-7445, p. 85). Two analyti­
cal nnethods a re being considered for identifying antimony tags: neutron 
activation and spark-source mass spect rometry . 

A test was made of the feasibility of determining isotopic 
rat ios of antinnony by neutron activation and subsequent computer analysis 
of the gamma-spectronnetr ic data. A sample of natural antinnony was 
i r radiated in CP-5 for 2 min in a flux of 2 x lO" n/cnn^. The activation 
products, ' " s b (twz = 2.8 days) and ' "Sb (X-in = 60.4 days), were assayed 
2.5 and 29 hr after i r radiat ion by gamma spectronnetry, and the nunnber of 
atoms of Sb and ' *Sb present at the end of the irradiat ion was calculated. 
From these data and the appropriate thermal-capture cross sections, the 

Sb/" Sb ratio in the starting mater ia l was calculated. Values of 1.37 and 
1.33, respectively, were obtained for the assays at 2.5 and 29 hr; these a re 
in excellent agreement with the known isotopic ratio of natural antinnony, 
nannely, 1.34. 

Samples of natural antinnony will also be exannined by 
spark-source nnass spect rometry to determine the accuracy with which 
the ' 'sb/'^^Sb rat io can be measured. 

o. Materials-Coolant Compatibility (D. W. Cissel) 

(i) Problems Identified due to Operations (W. E. Ruther and 
T. D. Claar) 

Last Reported: ANL-7518, pp. 56-57 (Nov 1968). 

Chemical analysis , e lec t ron-microprobe evaluation, and 
fatigue testing have indicated that carburizat ion did not cause the failure 
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of the Type 347 stainless steel bellows of the SN-17 valve from the 
EBR-II secondary-sodium sampling system. 

Carbon content of a section of the bellows near the de­
fected area analyzed 0.08 w/o, the same as the maximum carbon specifi­
cation given for Type 347 stainless steel. The electron microprobe 
showed a carbon peak for only one of the more than ten attack sites evalu­
ated on the sodium side of the bellows. However, a number of the observed 
areas showed an oxygen peak coupled with a chronnium increase . This 
evidence, combined with the results of the chemical analysis, tends to d is ­
courage the carburization hypothesis. The simultaneous peaking of oxygen 
and chromium in the attack areas suggests an oxidation phenomenon; this 
possibility will be investigated. 

In the fatigue tests , two sections of Type 347 stainless steel 
bellows, one carburized and the other uncarburized, were extended and com­
pressed at 42 cycles/nnin. Both of the 1 ^ - in . - long by l /4- in . -wide sections 
previously had been exposed to sodium at 550''C for one week, but one of the 
sections had been carburized by putting a drill rod (0 .9 -11 w/o C) in the 
sodium. Carburization of the one section was verified by oxalic electrolytic 
etch. The carburized bellows failed after 55.8 hr, and the uncarburized 
bellows failed after 82.3 hr. These tests indicate that carburizat ion in 
bodium reduces fatigue life, but not to the extent noted for the SN-17 valve 
bellows. 

(ii) Data Development (F. A. Cafasso) 

Last Reported: ANL-7500, p. 76 (Sept 1968). 

Type 304 stainless steel in the fornn of coils of large 
surface area is being heated in liquid sodium at 650°C over long periods 
to determine the diffusion rates and distribution behaviors of various 
constituents of stainless steel. The mater ia ls are contained in tantalum 
capsules. Two of these capsules have been opened after one month, and 
the sodium phases are being analyzed for copper, nickel, chromium, 
iron, and manganese. 

p. Systems Engineering (B. C. Cerutti) 

(i) Surveillance, Evaluation, and Studies of Systems 

Last Reported: ANL-7518, pp. 59-62 (Nov 1968). 

(a) P r imary Coolant Flow Monitors (R. O. Haroldsen) 
• 

The draft of the engineering submittal for simplifying 
the coolant flow monitors is being reviewed. The review group requested 
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m o r e a n a l y s e s of s e l e c t e d types of flow f a i l u r e s . Sufficient da ta on flow 
c o a s t - d o w n e x p e r i m e n t s a r e a v a i l a b l e for th i s p u r p o s e . C o n s i d e r a b l e 
a n a l y t i c a l da t a a r e a l s o a v a i l a b l e which p r e d i c t m a x i m u m t e m p e r a t u r e s in 
s u b a s s e m b l i e s a f te r to ta l i n s t a n t a n e o u s flow f a i l u r e . The l a t t e r da ta , 
h o w e v e r , a r e b a s e d on r e a c t o r shu tdown s innu l taneous wi th p u m p f a i l u r e . 
A new a n a l y s i s wi l l be nnade b a s e d on r e a c t o r shu tdown which is d e l a y e d 
unt i l a d r o p of 8% in the coo lan t flow o c c u r s ; t h i s 8% d r o p is the n o r m a l 
t r i p - p o i n t s e t t i ng of the flow m o n i t o r s . 

(b) P a c k i n g Gland for Main C o r e G r i p p e r (J . B. Waldo) 

T h r e e t ypes of T e f l o n - i m p r e g n a t e d pack ing w e r e 
r e c e i v e d as p o s s i b l e r e p l a c e m e n t s for the g r a p h i t e pack ing now u s e d in 
the g r i p p e r g land . One of the t h r e e w a s t e s t e d in a s o d i u m - v a p o r a t m o ­
s p h e r e a t a p p r o x i m a t e l y 500°F. After a p p r o x i m a t e l y 16 h r , the pack ing 
w a s a l r e a d y v i s ib ly d e t e r i o r a t i n g , so the t e s t was s u s p e n d e d . Use of Tef lon-
i m p r e g n a t e d pack ing in the top r i n g s of the packing gland, which a r e e s s e n ­
t ia l ly out of a s o d i u m e n v i r o n m e n t , migh t s t i l l be c o n s i d e r e d . 

Fig. I.E.2 
Safety-rod Thimble Removed from Core 
Position 3D1 on November 20. 1968. 
The two damaged top edges are visible 
at the top of the photograph. 

(c) I n spec t i on of D a m a g e d Safety-
rod T h i m b l e (B. C. C e r u t t i , 
C. C. C r o t h e r s , and H. W. Sine) 

Visua l i n s p e c t i o n of the s a f e t y -
rod t h imb le r e m o v e d fronn the r e a c t o r on 
N o v e m b e r 20 and t r a n s f e r r e d to the F C F 
showed d a m a g e to two of the f la ts at the top 
of the hex can ( s e e F i g s . I .E .2 and I .E .3 ) . 
This d a m a g e is s i m i l a r to but l e s s s e v e r e 
than that suf fe red by the c o n t r o l - r o d t h i m b l e 
rennoved in J a n u a r y 1968 ( s ee P r o g r e s s 
R e p o r t for J a n u a r y 1968, A N L - 7 4 1 9 , 
pp. 4 8 - 4 9 ) . The d a m a g e o b s e r v e d in that 
t h i m b l e was p o s t u l a t e d to have o c c u r r e d in 
a s e r i e s of s t eps dur ing a n u m b e r of i n s e r ­
t ions of ad jacen t s u b a s s e m b l i e s . The two 
f la ts of the s a f e t y - r o d t h i m b l e r e m o v e d on 
N o v e m b e r 20 a p p e a r to have been d a m a g e d 
in a s i m i l a r fashion. 

The s a f e t y - r o d t h imb le was r e ­
m o v e d b e c a u s e m i n o r fue l -hand l ing p r o b ­
l e m s had been e n c o u n t e r e d when handl ing 
ad j acen t s u b a s s e m b l i e s . No p r o b l e m s w e r e 
e n c o u n t e r e d while r e m o v i n g the sa fe ty rod 
f r o m the t h i m b l e , i nd ica t ing tha t t h e r e was 
no binding b e t w e e n the rod and the t h i m b l e . 
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Fig. I.E.3. Magnified View of One of the Two Damaged Top Edges 
of the Safety-rod Thimble Removed from the Reactor on 
November 20. The other edge was damaged less. 

(ii) R e a c t o r and P r i m a r y Systenns I m p r o v e m e n t s 

L a s t Repor t ed : ANL-7518 , pp. 62-64 (Nov 1968). 

(a) New Plugging M e t e r for P r i m a r y P u r i f i c a t i o n S y s t e m 
(C. C. C r o t h e r s ) 

A new plugging m e t e r for the p r i m a r y pu r i f i c a t i on 
s y s t e m has been i n s t a l l ed and is in rou t ine o p e r a t i o n . Tes t i ng of the new 
m e t e r is being cont inued on a l im i t ed b a s i s to d e t e r m i n e o p t i m u m o p e r ­
ating condi t ions . 

The plugging valve for the new p l u g g i n g - m e t e r s y s t e m 
is a l / 2 - i n . b e l l o w s - s e a l va lve with h i g h - t e m p e r a t u r e backup pack ing . The 
valve was modif ied by mi l l ing ten 40- by 4 0 - m i l g r o o v e s in the s t e m inser t 
and is rennotely o p e r a t e d by f lexible sha f t s , as a r e the other v a l v e s in the 
s y s t e m . 

The in le t and out le t va lves s e r v e as i so l a t ion v a l v e s , 
with the in le t va lve a l so s e r v i n g as a t h r o t t l e va lve . In addi t ion to t h e s e 



69 

valves, a bypass valve has been included to provide an approach to constant 
head at the plugging valve. Although provision of bypass flow was expected 
to provide a more pronounced break in the recorded flow during a plugging-
tempera ture determination, only a slight improvement of this break was 
obtained. 

A desirable feature of the new plugging meter is se­
quenced elect r ical heating. The systenn is heated in a stepwise sequence 
to eliminate s t r e s s e s due to sodiunn expansion which could cause failure 
of components. 

The meter system includes a sodium-to-sodium heat 
exchanger and a sodium-to-a i r heat exchanger. The latter exchanger is 
equipped with a 0- to 120-cfm variable-speed blower to provide positive 
control of the cooling rate during a plugging-temperature determination. 

The flowmeter for the new systenn is immediately 
ahead of the sodium-to-sodium heat exchanger in the constant-tennperature 
leg of the systenn. This change has produced a decided improvement in 
flow indication because the flowmeter is now unaffected by the temperature 
transient occurring during the plugging run. 

q. Leak Detection and Location--Xenon Method (R. E. Rice and 
P. B. Henault) 

Last Reported: ANL-7518, pp. 64-65 (Nov 1968). 

Continued evaluation of the recjuirements for the unit to collect 
xenon tags indicates that a relatively sinnple modification of existing hard­
ware will be adequate. A prel iminary design description has been submitted 
for internal review. 

General Electr ic reported that the test conducted to determine 
the adequacy of their apparatus for injecting xenon tags was completely 
successful and that they plan to s tar t tagging early in January. They have 
recommended to the AEC the use of xenon tags, as proposed by ANL, in 
Subassembly F9D. 

2. Operations 

a. Reactor Plant (G. E. Deegan) 

Last Reported: ANL-7518, pp. 66-67 (Nov 1968). 

(i) Operations (J. R. Davis) 

Fuel loading for Run 32A was completed concurrently with 
the checkout, filling, and initial operation of the p r imary purification system. 
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Cooling-water systems were returned to normal following t ie-in of 
the new auxiliary cooling tower. 

The reactor was started up on November 27 and a 
reduced-flow experiment was conducted at the beginning of the run. 
After the activity levels in the pr imary-tank cover gas had stabilized 
for 50-MW operation, control rod No. 2 (Subassembly L-462) was lowered 
to its down position as part of the search for the source of the fission-
product re lease . Within 48 hr the "*Xe activity in the cover gas had de­
creased by about one-third. The control rod was re inser ted, and the Xe 
activity returned to the higher value previously observed. Fronn this, the 
conclusion was made that control rod No. 2 was the probable source of 
the fission-product release. Run 32A was completed with the control rod 
in the fully down position. 

Run 32A ended with rod-drop kinetics experiments at 
500 kW and 50 MW, a reduced-flow experiment, and a measurement of 
the ascending power-reactivity decrement. 

Fuel handling for Run 32B included the removal of control 
rod No. 2 and the installation of one experimental subassembly. Fifty-
megawatt operation was resumed after startup on December 18. 

The reactor operated for 1188 MWd during December and 
had accumulated 22,666 MWd by the end of the month. 

b. Fuel Cycle Facility (M. J. Feldman) 

Last Reported: ANL-7518, pp. 67-75 (Nov 1968). 

(i) Fuel Production 

(a) Hot Line (N. R. Grant) 

Table I.E. 13 summarizes the production activities 
for December and for the year. 

The a i r -ce l l crane stopped several t imes during the 
month in the same p lace- -a t the south end of the crane bridge, above the 
straightness tes ter and the assembly machine. The stoppage occurred 
while t ransferr ing subassemblies in and out of the tester and the assembly 
machine. Investigation revealed a dead spot in the electr ical bus bar at 
the bridge at this point. The straightness tes ter was moved approximately 
2 ft north, away from the dead spot. Car_e will be used to avoid the dead 
spot when handling subassemblies at the assembly machine. 
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December 1968 
Total 

This Year 

Subassemblies received 
Core, control, and safety 
Other 

Subassemblies sent to ICPP for storage 

Subassemblies dismantled for processing 

Subassemblies dismantled for examination, etc. 

Subassemblies fabricated 

Subassemblies transferred to reactor 

Subassemblies sent to L&O vault and 
interbuilding corridor for storage 

Elements Decanned 
From irradiated subassemblies 
Rejects 
Other 

Total decanned 

Number of runs 

Average pour yield, % 

Total runs in 1968 

Injection-casting runs 
Elements processed 

Accepted 
Rejected 

Elements welded 

Elements rewelded 

Elements leaktested 
Accepted 
Rejected 

Elements bonded (including recycle) 

Elements bond tested 
Accepted 
Rejected 

Elements to surveillance 
Number of subassennblies 

19 
3 

3 

17 

0 

S 

7 

141 
72 

8 

119 

29 

3S 

70 

796 
56 

0 
8S2 

Melt Refining 

Irradiated 
Fuel 

6 

n.s 
57 

Processing 

December 

% 

7 9 U 
4S3 
188 

8582 

Recycle 
Material 

4 

93.1 

32 

Total 

New 
Fuel 

0 

-
4 

1968 This Year 

714 
120 

506 

0 

418 
31 

157 
21 

490 
14 

3954 
883 

»58S 

4 

5571 
202 

2782 
268 

3124 
80 

Cans to burial ground 

Oxide and glass scrap to ICPP 

Waste Shipments 

7 

13 

70 
41 
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Repair of the inoperable electromechanical manipu­
lator in the Air Cell has been postponed because construction of the manip­
ulator repair facility is not complete. 

Modifications of the transfer cell between the Air and 
Argon Cells (subcell 4) were completed. These included: (l) placing into 
operation the pneumatic transfer system for conveying samples to the ana­
lytical laboratory; (2) installing and testing the movable shield plug for the 
entrance to the subcell; (3) installing two mas ter -s lave manipulators; and 
(4) installing additional lighting equipment in the subcell. 

(b) Cold-line Production and Assembly (D. L. Mitchell) 

Efforts required for acceptance inspection of vendor-
produced fuel reduced the bonding and bond-testing throughput for cold-
line-produced fuel. Production data for the month and for the year are 
summarized in Table I.E. 14. 

T A B L E I . E . 14. P r o d u c t i o n S u m m a r y fo r F C F Co ld L i n e 

T o t a l 
D e c e m b e r 1968 T h i s Y e a r 

A l l o y - p r e p a r a t i o n r u n s 
New fuel 0 6 
R e m e l t s 6 58 

T o t a l 6 6 4 

I n j e c t i o n - c a s t i n g r u n s 8 112 

P i n s p r o c e s s e d 

A c c e p t e d 808 9 0 0 0 
R e j e c t e d 27 786 

E l e m e n t s w e l d e d 385 6 8 1 5 

E l e m e n t s r e w e l d e d 0 IS 

E l e m e n t s l e a k t e s t e d 
A c c e p t e d 596 7 1 2 2 
R e j e c t e d 2 75 

E l e m e n t s bond t e s t e d 
A c c e p t e d 3O8 6 5 5 9 
R e j e c t e d 103 507 

E l e m e n t s a v a i l a b l e for s u b a s s e m b l y 

f a b r i c a t i o n ( c o l d - l i n e fuel) 0* 0 

S u b a s s e m b l i e s f a b r i c a t e d ( c o l d - l i n e fuel) 8 80 

E l e m e n t s r e c e i v e d f r o m v e n d o r 1166 4 0 9 7 
I n s p e c t e d and a c c e p t e d 3316 3398 
I n s p e c t e d and r e j e c t e d 689 6 9 9 

E l e m e n t s a v a i l a b l e for s u b a s s e m b l y 
f a b r i c a t i o n ( v e n d o r fuel) * 2956 3038 

S u b a s s e m b l i e s f a b r i c a t e d ( v e n d o r fuel) i 4 
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(ii) Inspection of Vendor Fuel (D. L. Mitchell) 

Modifications of the cold-line building were started to 
provide additional space for inspection of vendor-produced fuel. When 
this space is available, inspection of vendor-produced fuel will no longer 
interfere with cold-line production. 

The acceptance for vendor-produced elements has in­
creased fronn an original rate of less than 75% to a present rate of about 
90%. This improvement was obtained after the vendor instituted a post-
bonding step to reduce the size and number of shrinkage voids. 

The initial vibratory test of vendor-produced elennents 
(see ANL-7518, pp. 69-70) was terminated after 154 hr when a faulty 
heater switch allowed the temperature of the elements to exceed the de­
sired test temperature of 500°C. Thirty-nine of the 42 elements being 
tested had developed voids of rejectable size prior to the heater failure. 
A second vibratory test was initiated using 30 acceptable (as-received) 
vendor-produced elements, 10 vendor-produced elennents that were 
rejectable because of sodium voids when received, and 5 acceptable cold-
line-produced elements . 

(iii) Surveillance or Fai lure Analysis of Product 
(M. J. Feldman, J. P. Bacca, and E. R. Ebersole) 

(a) Chemical Analyses (E. R. Ebersole) 

The number of fuel-product analyses of hot-line, 
cold-line, and vendor fuel sannples made in December, together with the 
average values and ranges, are as follows: 

Average Value Range Analyzed for 

Total U 
"^U (% of total 
" ' P u 
Mo 
Ru 
Rh 
P d 
Z r 
Nb 
Si 
Al 
C r 
F e 
Ni 
C 

u) 

Number 

24 
24 
12 
20 
22 
18 
22 
23 
12 
90 
20 
20 
28 
15 

7 
Total Analyses 357 

94.47 w / o 93.91-94.87 
52.10 w/o 51.92-52.38 
1330jig/g 710-1810 
2.48 w/o 2.05-2.61 
1.91 w/o 1.81-2.03 

0.265 w / o 0.233-0.289 
0.183 w/o 0.160-0.198 
0.074 w / o 0.030-0.099 
0.009 w/o 0.008-0.011 

380 ppm 171-670 
94 ppm 60-195 
70 ppm 30-127 

441 ppm 71-1070 
154 ppm 99-192 
188 ppm 160-380 
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D e c e m b e r a n a l y s e s for s u r v e i l l a n c e of i r r a d i a t e d p ins 

f r o m the r e a c t o r a r e t abu la t ed below: 

Ana lyzed for N u m b e r A v e r a g e Value ^ ^ " g ^ 

Al 12 
F e 
Z r 
Nb 4 
Ru 

Si _ 
Tota l Ana lyse s 62 

128 ppm 52-260 
6 406 ppm 292 -554 
6 0.113 w / o 0 . 0 8 2 - 0 . 1 3 4 

0.010 w / o 0 . 0 0 8 - 0 . 0 1 1 

1 1.87 w / o 
33 365 ppm 86-957 

(b) P o s t i r r a d i a t i o n Ana lys i s of E B R - I I F u e l (J . P . B a c c a ) 

(1) Su rve i l l ance of M a r k - I B F u e l . The fifth and f inal 
M a r k - I B s u b a s s e m b l y (C-2136) of this s u r v e i l l a n c e p r o g r a m , now be ing 
i r r a d i a t e d in E B R - I I , wi l l a t ta in a t a r g e t b u r n u p of 1.2 a / o a t the end of 
Run 32B. 

(2) Su rve i l l ance of C o l d - l i n e F u e l . E l e m e n t s f r o m 
co ld - l i ne S u b a s s e m b l y C-2130 w e r e e x a m i n e d a f te r i r r a d i a t i o n in E B R - I I 
to a c a l c u l a t e d m a x i m u m s u b a s s e m b l y b u r n u p of 1.18 a / o , a p p r o x i m a t e l y 
0.4 a / o of which was a c c u m u l a t e d dur ing 50-MWt o p e r a t i o n . Seven b a t c h e s 
of co ld - l i ne fuel, with s i l i con conten ts r ang ing f r o m 140 to 376 p p m , w e r e 
r e p r e s e n t e d in th is s u b a s s e m b l y . The fuel swe l l ed an a v e r a g e of 5.9%; 
m a x i m u m swel l ing was 13.0% and the min innum was 3.9%. T h e s e swe l l i ng 
va lues a r e in r e a s o n a b l e a g r e e m e n t wi th t hose o b s e r v e d fol lowing c o m ­
p a r a b l e bu rnup of s i m i l a r types of fuel (with c o m p a r a b l e s i l i c o n con t en t s ) 
m a n u f a c t u r e d in the F C F hot l ine . 

As has been o b s e r v e d in the p a s t , the s i l i c o n 
content of the fuel af fects i t s swe l l ing c h a r a c t e r i s t i c s . The h i g h e r - s w e l l i n g 
e l e m e n t s of S u b a s s e m b l y C-2130 w e r e those m a n u f a c t u r e d f r o m the 
two b a t c h e s with the lowes t s i l i con con ten t (140-145 ppm) . The e l e m e n t s 
m a d e f r o m the o the r five b a t c h e s (with s i l i c o n c o n t e n t s r a n g i n g f r o m 220 to 
376 ppm) d i sp l ayed s ign i f ican t ly lower f u e l - s w e l l i n g c h a r a c t e r i s t i c s . 

The fifth and l a s t s u b a s s e m b l y (C-2120) of the 
f i r s t p h a s e of the c o l d - l i n e s u r v e i l l a n c e p r o g r a m a c c u m u l a t e d i t s t a r g e t 
b u r n u p of 1.25 a / o at the end of Run 32A. P o s t i r r a d i a t i o n s u r v e i l l a n c e 
e x a m i n a t i o n s of e l e m e n t s f rom th i s s u b a s s e m b l y wi l l be conduc ted in the 
n e a r fu tu re . 

(3) S u r v e i l l a n c e of V e n d o r - p r o d u c e d F u e l . T h r e e s u b ­
a s s e m b l i e s con ta in ing fuel e l e m e n t s m a n u f a c t u r e d by A e r o j e t - G e n e r a l C o r p . 
a r e being i r r a d i a t e d in E B R - I I . Ten t a t i ve t a r g e t bu rnup l eve l s for the 



75 

subassemblies (C-2178, C-2181, and C-2182) are 0.6, 0.8, and 1.0 a/o, 
respectively. The initial burnup level of 0.6 a/o should be attained by 
Subassembly C-2178 approximately halfway through Run 33. 

(4) 50-MWt Surveillance Program. One of the r e ­
quirements associated with raising the power level of the EBR-II from 
45 to 50 MWt is the surveillance of selected subassemblies that have been 
i r radiated at the higher power level. The purpose of these examinations 
is to provide assurance that the slightly higher irradiation temperatures 
associated with the higher power level has not caused significantly greater 
volume swelling of the driver fuel. 

Two subassemblies of this surveillance program 
were examined during December. The first (C-2049) had been irradiated 
to a calculated maximum burnup of 0.95 a/o, of which 0.17 a/o had been 
accumulated during 50-MWt operation. The second subassembly (C-2072) 
had been i r radiated to a maximum burnup of 1.06 a/o, of which 0.44 a/o 
had been accumulated during 50-MWt operation. 

Tables I.E. 15 and I.E. 16 sumnnarize the compo­
sitions, burnups, and fuel-swelling data for elements from the two sub­
assemblies . The figures for average fuel swelling of C-2049 (see 
Table I.E. 15) are comparable to those observed in the past for several 
thousand driver-fuel elements irradiated during 45-MWt operation. 
Fur thermore , the swelling data for C-2072 (see Table I.E. 16) are com­
parable to those observed in the past for similar types of U-5 w/o Fs 
fuel i rradiated during only 45-MWt operation. Table I.E. 16 also shows 

TABLE 

Baled No. 

0403 
0406 
0408 

I.E.IS . Swelling o( Fuel 

Silicon Conlent 
of Fuel (ppml 

no 
60 

170 

jn 50-MWI Driver-fuel^urveillance Subassembly C-2M9 

Number of 
Elements 

1 
40 
48 

Elemenl Burnup 
Ranged la/ol 

0.90 
OTO-0.« 
085-0. M 

Total Volume Swelling 
ol Fuel lAV/V. %l 

Average Range 

67 
6.1 34-11 
51 34-7 1 

^Max burnup 0.95 a/o, ol which 0.17 a/o was accumulated during 50-MWt operation. 

TABLE I.E.16. Swelling of fuel in 50-MWt Driver-luel Surveillance Subassembly C-M72 

Batch No. 

0409 
0410 
M i l 
42(B 
4209 
4211 
4212 

Silicon Content 
of Fuel (ppml 

130 
120 
160 
240 
260 
290 
260 

Number ot 
Elements 

5 
7 

58 
1 
3 

14 
1 

Element Burnup 
Range^ (a/ol 

1.01-1.02 
1.04-1.06 
0.98-1.04 

1.02 
1.01-1.02 
1.03-1.05 

1.02 

Total Volume Swelling 
of Fuel (AV/V. » l 

Average 

12.3 
11.4 
10.3 
5.6 
5.2 
5.2 
4.8 

Range 

9 2-14.0 
10 7-12.5 
65-15.2 

-
49-5.5 
31-6.0 

-
^Max burnup 1.06 a/o. of which 0.44 a/o ws accumulated during 5(>-MWt operation. 
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tha t a s i l i con con ten t g r e a t e r than 200 ppm in the fuel e n h a n c e s the 
r e s i s t a n c e of the al loy to i r r a d i a t i o n swe l l ing . 

A t h i r d s u b a s s e m b l y in th i s p r o g r a m (C-2103) 
wi l l be e x a m i n e d following i r r a d i a t i o n to a b u r n u p of 1.2 a / o at the end of 
Run 32B. Of the 1.2 a / o bu rnup , 0.6 a / o should have b e e n a c c u m u l a t e d 
dur ing 50-MWt o p e r a t i o n . 

(5) Con t roUed- f low E x p e r i m e n t . Th i s e x p e r i m e n t , 
l ike the 7 0 % - e n r i c h e d - f u e l e x p e r i m e n t ( see A N L - 7 5 1 8 p. 72), is be ing 
m a d e to a s s e s s the i r r a d i a t i o n p e r f o r m a n c e of U - 5 w / o F s d r i v e r fuel 
unde r condi t ions typ ica l of h i g h e r - p o w e r o p e r a t i o n of E B R - I I . In t h i s e x ­
p e r i m e n t , however , the d r i v e r fuel in the s u r v e i l l a n c e s u b a s s e m b l i e s has 
a ^ "U e n r i c h m e n t of 52%. The h ighe r i r r a d i a t i o n t e m p e r a t u r e s for the 
fuel, c h a r a c t e r i s t i c of h i g h e r - p o w e r o p e r a t i o n of the r e a c t o r , a r e a c h i e v e d 
by s iz ing the or i f ic ing of the s u b a s s e m b l i e s to r e d u c e the coo lan t flow 
th rough t hem. 

S u b a s s e m b l y C-2185 , the f i r s t of t h r e e s u b a s ­
s e m b l i e s of th is e x p e r i m e n t now being i r r a d i a t e d , i s e x p e c t e d to r e a c h 
i t s in i t i a l t a r g e t m a x i m u m burnup dur ing the f i r s t half of Run 33. 

(6) D r i v e r - f u e l E x t e n d e d - b u r n u p E x p e r i m e n t . 
S u b a s s e m b l y C-2027 a t t a ined a c a l c u l a t e d m a x i m u m b u r n u p of 1.5 a / o at 
the c o m p l e t i o n of Run 32A. This is the h i g h e s t b u r n u p yet a t t a i n e d by a 
n o r m a l d r i v e r - f u e l s u b a s s e m b l y with u n e n c a p s u l a t e d e l e m e n t s . P o s t ­
i r r a d i a t i o n s u r v e i l l a n c e e x a m i n a t i o n s of e l e m e n t s f r o m th i s s u b a s s e m b l y 
wi l l begin af ter the p o s t i r r a d i a t i o n cool ing p e r i o d . 

S u b a s s e m b l y C-2027 is the " l e a d " unit of a 
p r o g r a m to i n v e s t i g a t e the a d v i s a b i l i t y of r a i s i n g the m a x i m u m - b u r n u p 
l imi t pe rnn i t t ed for d r i v e r s u b a s s e m b l i e s above i t s p r e s e n t va lue of 
1.20 ± 0.05 a / o . P r e v i o u s l y , the maximunn b u r n u p r e a c h e d by any d r i v e r 
s u b a s s e m b l y w a s 1.31 a / o , a t t a i n e d by S u b a s s e m b l y C-291 of th i s p r o g r a m . 

(7) D r i v e r - f u e l Si l icon S u r v e i l l a n c e P r o g r a m . The 
p u r p o s e of the s i l i con s u r v e i l l a n c e p r o g r a m is to ob ta in da ta on the i r r a ­
d ia t ion p e r f o r m a n c e of U-5 w / o F s al loy con ta in ing s i l i c o n in v a r i o u s 
a m o u n t s up to a m a x i m u m of a p p r o x i m a t e l y 1000 p p m . This p r o g r a m wil l 
p rov ide the i n f o r m a t i o n n e c e s s a r y to e s t a b l i s h w i d e r l i m i t s for s i l i c o n 
s p e c i f i c a t i o n s of E B R - I I d r i v e r fuel m a n u f a c t u r e d in the fu tu re . B e c a u s e 
a c o n s i d e r a b l e n u m b e r of s u b a s s e m b l i e s in the F C F i n v e n t o r y con ta in fuel 
having s i l i con con ten t s h i g h e r than the s p e c i f i c a t i o n l i m i t (520 ppm) but 
below 1000 ppm, th i s p r o g r a m should al,so p r o v i d e the e x p e r i m e n t a l da ta 
n e c e s s a r y to jus t i fy u s e of t h e s e h i g h e r - s i l i c o n fueled s u b a s s e m b l i e s in 
E B R - I I . 



During December, Subassembly C-2155, containing 
fuel with silicon contents ranging from approximately 200 to 785 ppm, was 
examined following irradiat ion to a calculated maximum burnup of 0 78 a/o. 
Average swelling of fuel in the elements of the subassennbly was 3.1%; 
maximum swelling was 4.2% and minimum 2.5%. These values are consis­
tent with data observed in the past for fuel having silicon contents lower 
than the present specified maximum of 520 ppm. No abnornnal swelling 
could be attributed to the higher-si l icon fuel batches (to 785 ppm Si) in 
C-2155. 

Subassembly C-2 110, containing fuel to which 
silicon had been added to bring silicon contents within a range from 166 
to 487 ppm, was exannined following irradiation to 0.92 a/o calculated 
maximum burnup. Average swelling of fuel in the elements of the subassenn­
bly was 4.6%; maximum was 6.9% and minimum 3.0%. Again, these results 
are consistent with swelling data observed in the past for U-5 w/o Fs fuel 
of s imilar silicon content and comparable burnup. 

(c) Materials Surveillance and Compatibility Studies 
(J. P. Bacca, R. V. Strain, C. L. Meyers, and 
S. T. Zegler) 

The safety-rod thinnble recently removed from EBR-II 
core position 3DI is being examined for evidence of increases in the flat-
to-flat dimensions at the midlength of the thinnble and for bowing. Dimen­
sional profiles are being constructed along the thimble axis by making: 
(1) precision caliper measurements across each of the three pairs of 
opposing flat; and (2) precision nneasuremgnts of distance from each of 
the six flats to a fixed reference point. Pre l iminary results indicate that 
the flat-to-flat dimensions have increased and that bowing has occurred. 

(iv) Fuel Management and Handling (N. R. Grant and 
P. Fineman) 

A summary of fuel-handling operations is included in 
Tables I.E.13 and I.E.14. 

(v) Experiment Handling and Interinn Examination 
(V. G. Eschen and N. R. Grant) 

Two experimental subassemblies were reloaded in the 
Air Cell. The first (X052) is a Mark-A type containing three capsules 
that had been previously i r radia ted in Subassembly X017. Each of the 
capsules contain metal fuel elements fronn ANL-MET. The other 
16 positions in the subassembly have solid rods in place of the shroud 
tubes; therefore, essentially all the coolant flow will be cooling the 
three capsules. The second subassembly (X053), a Mark-B-37 type. 
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con ta ins 34 e n c a p s u l a t e d M a r k - I I fuel e l e m e n t s that had b e e n p r e v i o u s l y 
i r r a d i a t e d in S u b a s s e m b l y X029 and t h r e e new c a p s u l e s of the s a m e m a ­
t e r i a l to r e p l a c e t h r e e r e m o v e d for ex t ens ive e x a m i n a t i o n . 

(vi) R e a c t o r Suppor t (N. R. G r a n t ) 

Cont ro l rod L-469S, conta ining two b a r e fuel p i n s , was 
r e c e i v e d f r o m the r e a c t o r and washed by a s p e c i a l p r o c e d u r e d e v e l o p e d 
for b a r e - p i n s u b a s s e m b l i e s . After d i s a s s e m b l y , the two b a r e p ins w e r e 
s t o r e d for l a t e r examina t i on . T h r e e s t a n d a r d fuel e l e m e n t s w e r e p u n c ­
t u r e d , and the cover gas in the e l e m e n t s was t e s t e d for f i s s i on p r o d u c t s . 
The da ta obta ined f r o m these s a m p l e s a r e being e v a l u a t e d . 

PUBLICATIONS 

A Jaw C r u s h e r for P l u t o n i u m C e r a m i c s 
J. E. Ayer and H. Osuna* 

Nucl . Appl- 5, 417-423 (Dec 1968) 

The Use of F a s t - F r a m i n g C a m e r a s I n s t e a d of Magne t i c R e c o r d i n g M e d i a 
to A c c u m u l a t e Data at High Ra te s 

A. DeVolpi 
J . Soc. Motion P i c t u r e and T e l e v i s i o n E n g i n e e r s 77, 1286-1289 
(Dec 1968) 

I n - c o r e Act iva t ion T r a v e r s e s dur ing the P l u t o n i u m R e c y c l e E x p e r i m e n t in 
the E x p e r i m e n t a l Boil ing Wate r R e a c t o r at P o w e r L e v e l s of 35 to 70 MW 

R. E. G r a j e k and K. E. F r e e s e 
ANL-7414 (July 1968) 

The E B R - I I F e e d b a c k F u n c t i o n 
R. W. Hyndman and R. B. N icho l son 

ANL-7476 (July 1968) 

Rad ia t ion P r o t e c t i o n R e q u i r e m e n t s for F a b r i c a t i n g R e c y c l e d P l u t o n i u m 
R e a c t o r F u e l 

T. A. S tee le , A. B. Shuck, and P . K. D o h e r t y * * 
Rad ia t ion P r o t e c t i o n , P r o c . 1st I n t e r n . C o n g r . , R o m e , 
S e p t e m b e r 5-10, 1966. P e r g a m o n P r e s s , Oxford, 1968, pp. 949 -960 

** Purdue University. 
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II. O T H E R FAST R E A C T O R S - - C I V I L I A N - -
O T H E R FAST B R E E D E R R E A C T O R S 

A. F u e l D e v e l o p m e n t 

1. C o r r o s i o n of F u e l J a c k e t Al loys 

a. Sodium C o r r o s i o n of A u s t e n i t i c S t a i n l e s s S t ee l s 
(J . Y. N. Wang and K. F ig l i k ) 

Not r e p o r t e d p r e v i o u s l y . 

The i n t e r a c t i o n b e t w e e n l iquid s o d i u m and a u s t e n i t i c s t a i n l e s s 
s t e e l s , p a r t i c u l a r l y T y p e s 304 and 316, is c o m p l i c a t e d by m a n y v a r i a b l e s 
wi th in the m a t e r i a l s t r u c t u r e a s we l l a s wi th in the l iqu id . The s e l e c t i v e 
and l o c a l i z e d a t t a c k m a y be in f luenced by o r i e n t a t i o n e f f ec t s , c o h e r e n t 
p r e c i p i t a t e s , s t a c k i n g f au l t s , and o t h e r d i s l o c a t i o n b a r r i e r s . Low m a c r o -
s t r e s s e s m a y induce l o c a l l y high m i c r o s t r e s s e s , wh ich could i n i t i a t e and 
p r o p a g a t e c r a c k i n g . T h e c o n t a m i n a n t s in the s o d i u m e x e r t a s t r o n g in f luence 
on the c o r r o s i o n b e h a v i o r of a u s t e n i t i c s t a i n l e s s s t e e l s . T h e r e is a p p r e c i a b l e 
e v i d e n c e * to s u p p o r t the i m p o r t a n c e of the c l o s e r e l a t i o n s h i p b e t w e e n c a r ­
b u r i z a t i o n and i n t e r g r a n u l a r p e n e t r a t i o n of t h e s e m a t e r i a l s in s o d i u m . The 
in i t i a l p h a s e of t h i s w o r k i s , t h e r e f o r e , d i r e c t e d to the s tudy of the s t r u c t u r e s 
of the p r e c i p i t a t e d c a r b i d e s in r e l a t i o n to the p e n e t r a t i o n and t e m p e r a t u r e of 
a c o n t r o l l e d s o d i u m e n v i r o n m e n t . A t t en t ion is a l s o g iven to the m o d e of 
s o d i u m p e n e t r a t i o n and to any c o m p l e x compound tha t m a y f o r m at the i n t e r ­
face b e t w e e n the s t a i n l e s s s t e e l and the s o d i u m . 

A h i g h - t e m p e r a t u r e fu rnace wi th a r o t a t i n g s a m p l e h o l d e r h a s 
been c o n s t r u c t e d for the c o r r o s i o n t e s t s , and thin s h e e t s of T y p e s 304 and 
316 s t a i n l e s s s t e e l of 5- to 1 0 - m i l t h i c k n e s s have been p r e p a r e d . The 
a v e r a g e g r a i n s i z e of t h e s e s a m p l e s w a s m a i n t a i n e d a t about 0.09 m m . 
P r e l i m i n a r y e x p e r i m e n t s a r e be ing conduc t ed to e v a l u a t e t e c h n i q u e s for 
p r e p a r i n g c a r b i d e s (by p r e c i p i t a t i o n and by c a r b o n t r a n s f e r to the s t a i n l e s s 
s t e e l ) for e x a m i n a t i o n by m e a n s of the e l e c t r o n m i c r o s c o p e . C u r r e n t r e s u l t s 
of th i s w o r k a r e be ing e v a l u a t e d . The p o s s i b i l i t y of u s ing a r a d i o a c t i v e 
i s o t o p e t r a c i n g t e c h n i q u e to e l u c i d a t e the pa th of p r e f e r e n t i a l a t t a c k a t the 
g r a i n b o u n d a r i e s i s a l s o be ing i n v e s t i g a t e d . 

b . Inf luence of D i s s o l v e d C e s i u m , An t imony , Rub id ium, and Gold 
in Sod ium on the C o r r o s i o n B e h a v i o r of A u s t e n i t i c S t a i n l e s s 
S tee l (J . Y. N. Wang, C. A. Youngdahl , and K. F ig l ik ) 

Not r e p o r t e d p r e v i o u s l y . 

An i n v e s t i g a t i o n h a s s t a r t e d to a s s i s t in the d e t e r m i n a t i o n of the 
r e l a t i v e effect of s o d i u m con ta in ing s m a l l a d d i t i o n s of c e s i u m , a n t i m o n y . 

*Rowland.M.C..andPlumlee,D. E.. GEAP-4838 (Oct 1965): Andrews. R. C.. el.J.. ^ " " ' A ' ^ ' t r P f °" 
nf the Relative Merit, of 304 vs 316 S.S fot Liquid Metal Service. Topical Repon No. 10. MSAR-b7-216 
(Dec 1967); Anderson. W. J., and Sneesby. G. V.. NAA-SR-5282 (Sept 1960). 
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rubidium, or gold on the corrosion of Type 304L stainless steel. ^^^'°^^^'''^ 
isotopes of these elements have been suggested for possible use m the bond 
sodium of fuel elements in a sodium-cooled reactor to indicate faiure ol the 
stainless steel cladding. Pertinent phase diagrams indicated that these ele­
ments are soluble in sodium in the temperature region of interest 
(375 to 500°C). 

Capsules of Type 304L stainless steel were loaded with 5- and 
10-mil-thick samples of solution heat-treated Type 304L stainless steel 
and reactor-grade sodium containing 2 w/o additions of either high-purity 
cesium, antimony, rubidium, or gold. The capsules were loaded and electron-
beam sealed in a drybox (with about 3 ppm moisture) and then sealed in 
quartz tubes under a reduced pressure of about 2 x 10' Torr. The assem­
blies were then rotated at a speed of I rpm (to promote mixing) other 
isothermal conditions at 650 ± 2°C for 500 hr. The exposure temperature 
of 650°C was chosen to verify the existence of an operating temperature 
margin. 

After testing, the sodium was analyzed for oxygen by vacuum 
distillation and atomic absorption spectrometry. The results indicated 
less than 10 ppm oxygen. Insert samples were removed from the sodium 
at an elevated temperature to avoid solute precipitation, and the surfaces 
were cleaned with ethyl alcohol in a Soxhlet extractor under a cover gas of 
dry helium to prevent air contamination during the cleaning process. 

The specimen weight changes in Table II.A.l show that small 
weight gains were exhibited by all the tested samples. Inconsistencies 
between the weight gains of the two samples in a given capsule are shown 
for both the Na-2 w/o Cs and control capsules (no additive); however, 
damage was found on the surfaces of these specimens, which may have 
occurred during handling after exposure. 

TABLE II.A.l. Weight Changes of Specimens after Exposure 
to Various Sodium Solutions at 650°C for 500 hr 

Specimen Weight Gain (fi g/cm^) 

Capsule No. Additive in Sodium 5-mil Specimen 10-mil Specimen 

Tg 15 2 w/o Au 11.0 15.0 
Tg 16 2 w/o Cs 12.0 1.0 
Tg 18 No additive 4.0 27.0 
Tg 19 2 w/o Sb 31.0 30.0 
Tg 20 2 w/o Rb 3.0 1.0 
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Metallographic examination showed a small amount of new phase 
formation near the surfaces of each sample. The new phases in the form of 
part ic les of different shapes were more evident in samples exposed to sodium 
containing cesium, antimony, and rubidium. Pre l iminary examination by 
electron-probe analysis indicates that these part ic les are not associated 
directly with the solution additives. No localized or general dissolution of 
the samples was observed under the test conditions. 

2. Other Fuel Jacket Alloy Studies 

a. Effect of Irradiat ion Temperature on the Ductility of 
Type 304 Stainless Steel (R. Carlander) 

Last Reported: ANL-7478, pp. 56-57 (July 1968). 

Previous experiments indicated that the ductility of Type 304 
stainless steel was reduced by a greater amount when the alloy was 
irradiated at 37l°C than when the alloy was i r radiated near 460°C (see 
ANL-7478, p. 57). These resul ts were for tensile tests conducted at 450°C 
at a s train rate of 1%/min with specimens of Type 304 stainless steel 
i rradiated in EBR-II to a fluence of approximately 2 x 10^^ n /cm ' . This 
adverse effect of low irradiat ion temperature on the ductility of Type 304 
stainless steel has been investigated further by tensile tests with specimens 
irradiated in EBR-II at 600 ± 50°C to a nominal fluence of 2 x 10^' n / cm ' . 
The tensile tests were conducted at both room temperature and 650°C at a 
strain rate of 1.7%/min. 

The ductility of the Type 304 stainless steel, as represented 
by the total elongation, did not appear to be affected by irradiation. The 
room-tempera ture total elongation of the irradiated alloy was 61%, com­
pared with 65% for the unirradiated mater ia l . In addition, the total elonga­
tions of specimens tested at 650°C were between 18 and 24%, compared 
with 23% for the unirradiated alloy. The absence of a significant loss in 
ductility after i r radiat ion at 600 ± 50°C was confirmed, in part , by 
t ransmiss ion-e lec t ron-microscopic examination of the specimen tested 
at room tempera ture . No voids or dislocation loops were found in this 
specimen (see Section III.B.3.a). 

These experiments and the resul ts of the previous investigation 
are consistent in showing that fast-neutron damage is temperature-dependent; 
the embri t t lement of Type 304 stainless steel decreased with increased 
irradiat ion tempera ture (371, 460. and ~600°C). Thus, Type 304 stainless 
steel cladding of a fast reac tor fuel element might not become ennbrittled 
at operating tempera tures near 600°C for exposures up to 2 x I O'' n / cm ' . 
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III. GENERAL REACTOR TECHNOLOGY 

A. Appl ied and R e a c t o r P h y s i c s D e v e l o p m e n t 

1. T h e o r e t i c a l R e a c t o r P h y s i c s - - R e s e a r c h and D e v e l o p m e n t 

a. R e a c t o r Computa t ions and Code D e v e l o p m e n t (B. J . T o p p e l ) 

L a s t Repo r t ed : A N L - 7 4 8 7 , pp 77-79 (Aug 1968). 

(i) The ARC S y s t e m . The m o d u l e s , s t a n d a r d p a t h s , and s y s ­
t e m r o u t i n e s of the ARC s y s t e m * ' * * have p r o g r e s s e d to the point tha t v e r y 
s u b s t a n t i a l p roduc t ion capab i l i ty now e x i s t s in the s y s t e m . 

The s y s t e m a s p e c t s of the ARC s y s t e m a r e e s s e n t i a l l y 
c o m p l e t e in our p r e s e n t v e r s i o n . The effort i s now c o n c e r n e d w i t h p r o ­
ducing m o r e of the compu ta t i ona l m o d u l e s n e e d e d for ou r p r o d u c t i o n u s e . 

Tab le III.A 1 is an upda ted l i s t ing of the m o d u l e s a s p l anned 
for the ARC s y s t e m . The changes as c o m p a r e d wi th T a b l e VI of A N L - 7 3 3 2 * 
r e f l ec t the inf luence of e x p e r i e n c e on our e a r l i e r p l ann ing . One m a y note 
for e x a m p l e that a n u m b e r of the Input and Output Ed i t M o d u l e s a r e now 
m i s s i n g , the function of t h e s e m o d u l e s having b e e n a b s o r b e d in the c o r r e ­
sponding compu ta t iona l m o d u l e s . Ano the r no tab le change i s the a b s e n c e of 
the C r i t i c a l i t y S e a r c h Module NUC008. The a b s o r p t i o n of the s e a r c h a l g o ­
r i t h m wi th in the v a r i o u s n e u t r o n i c s m o d u l e s w a s d i c t a t e d by e x e c u t i o n - t i m e 
eff ic iency and is t yp ica l of the s o r t of d y n a m i c change we m a y expec t to s ee 
in our a l g o r i t h m i c r e p e r t o i r e as o p e r a t i o n a l e x p e r i e n c e wi th the ARC 
s y s t e m a c c r u e s . 

T A B L E I I I . A . l . ARC S y s t e m M o d u l e s 

I. C r o s s - s e c t i o n P r e p a r a t i o n Modu le s 

A. Input Modules 

1 E p i t h e r m a l C r o s s - s e c t i o n Spec i f i c a t i ons CSIOOl 
2. T h e r m a l C r o s s - s e c t i o n Spec i f i c a t i ons CSI002 

B . C o m p u t a t i o n a l Modules 

1. R e s o n a n c e C r o s s Sec t ions CSCOOl 
2, N o n r e s o n a n t C r o s s S e c t i o n s a n d F u n d a m e n t a l - m o d e S p e c t r u m 

C S C 0 0 2 

*Toppel, B. J., The Argonne Reactor Computation (ARC) System, ANL-7332 (Nov 1967). 
**Just. L. C , and Sparck, S. D., The ARC System. AMD Tcclinical Memorandum No. 157 (May 1, 1968); 

Sparck, S. D., and Just, L. C . A Nonautomatcd Environmcnl for the ARC System, AMD Technical 
Memorandum No. 165 (March 1, 1968); Just, Louis, Dynamic Program Management in a Fortran 
Environment, AMD Technical Memorandum No. 162 (May 1968). 
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TABLE III.A.l (Contd.) 

B. Connputational Modules (Contd.) 

3. Thermal Cross Sections CSC003 
4. Broad-group Cross Sections and Fundamental-mode 

Spectrum CSC004 
5. 

C. Output Edit Modules 

1. Thermal Cross-sec t ion Edit CSEOOl 
2. 

II. Neutronics Calculations Modules 

A. Input Modules 

1. Cross -sec t ion Homogenization Specifications NUIOOl 
2. Code-independent Specifications NU1002 
3. ID-transport Specifications NUI003 
4. 2D-transport Specifications NUI004 
5. T ranspor t -mesh Refinement Specifications NUI005 
6. 

B. Computational Modules 

1. Cross-sec t ion Homogenization NUCOOl 
2. ID-Diffusion k Calculation NUC002 
3. ID-Diffusion Search NUC003 
4. ID-Transpor t NUC004 ^ 
5. 2D-Diffusion k Calculation NUC005 
6. 2D-Diffusion Search NUC006 
7. 2D-Transport NUC007 
8. Diffusion-mesh Refinement NUC008 
9. T ranspor t -mesh Refinement NUC009 

10. 

C. Output Edit Modules 

1. ID-Neutronics Output Manipulation NUEOOl 
2. 2D-Neutronics Output Manipulation NUE002 
3. 

III. Adjunct Calculations Modules 

A. Input Modules 

1. Transpor t Per turbat ion Specifications AJlOOl 
2. Spatial Synthesis Specifications AJI002 
3. Bivariate Cross -sec t ion Interpolation Specifications AJ1003 
4. 
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TABLE III.A.l (Contd.) 

III. Adjunct Calculations Modules (Contd.) 

B. Computational Modules 

1. ID-Neutron Inventory AJCOO I 
2. 2D-Neutron Inventory AJC002 
3. ID-Diffusion Perturbation AJC003 
4. 2D-Diffusion Perturbation AJC004 
5. Transport Perturbation AJC005 
6. Spatial Synthesis AJC006 
7. Group Collapse AJC007 
8. Bivariate Cross-sect ion Interpolation AJC008 
9. 

C. Output Edit Modules 

1. Transport Perturbation Edit AJEOOl 
2. Spatial Synthesis Edit AJE002 
3. Bivariate Cross-sect ion Interpolation Edit AJE003 
4. 

IV. Fuel-cycle and Depletion Calculation Modules 

A. Input Modules 

1. Fuel Cycle Specifications FClOOl 
2. Economics Specifications FCI002 
3. 

B. Computational Modules 

1. Fuel Cycle FCCOOl 
2. Economics FCC002 
3. 

C. Output Edit Modules 

1. Economics Edit FCEOO 1 
2. 

V. Safety and Accident Calculations Modules 

A. Input Modules 

1. Point Kinetics Specifications SAlOO I 
2. Spatial Kinetics Specifications SAI002 
3. Heat Transfer Specifications SAI003 
4. Two-phase Coolant Flow Specifications SAI004 
5. Core Compaction Specifications SAI005 
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TABLE III.A.l (Contd.) 

A. Input Modules (Contd.) 

6. Compressible Fluid Hydrodynamics Specifications SAI006 
7. Fuel-element Deformations Specifications SAI007 
8. Problem Initialization Specifications SAI008 
9. Fuel-coolant Interaction Specifications SA1009 

10. 

B. Computational Modules 

1. Point Kinetics SACOOl 
2. Spatial Kinetics SAC002 
3. Heat Transfer SAC003 
4. Two-phase Coolant Flow SAC004 
5. Core Compaction SAC005 
6. Compressible Fluid Hydrodynamics SAC006 
7. Fuel-element Deformations SAC007 
8. Problem Initialization SAC008 
9. Fuel-coolant Interaction SAC009 

10. 2D-Weak Explosion SACOIO 
1 1. 

C. Output Edit Modules 

1. Point-kinetics Edit SAEOO 1 
2. Spatial-kinetics Edit SAE002 
3. Heat- t ransfer Edit SAE003 
4. Two-phase Coolant Flow Edit SAE004 
5. Core Compaction Edit SAE005' 
6. Compressible Fluid Hydrodynamics Edit SAE006 
7. Fuel-element Deformations Edit SAE007 
8. Problem Initialization Edit SAE008 
9. Fuel-coolant Interaction Edit SAE009 

10. 2D-Weak Explosion Edit SACOIO 
l l . 

The production use of the ARC system is achieved through 
use of various Standard Path modules which invoke various other modules 
within the system. Table III.A.2 l is ts some of the available standard paths; 
in Table III .A.l , the name of the path is intended to indicate its function. 

Table III.A.3 l ists the modules invoked by the various stan­
dard paths and i l lus t ra tes graphically the elimination of programnning dupli­
cation in a modular approach. One should note also that the system provides 
the enormously powerful capability of a path or module invoking a standard 
path as well as individual computational modules, as i l lustrated in STP012. 
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1 
2 
3 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

T A B L E II I .A.2 . S t anda rd P a t h M o d u l e s ^ 

ID-Diffus ion k Ca lcu la t ion STPOO 1 
ID-Diffus ion S e a r c h STP002 
I D - T r a n s p o r t STP003 
2D-Diffusion k Ca lcu la t ion S T P 0 0 4 
2D-Diffusion S e a r c h S T P 0 0 5 
B u r n u p Diffusion STP006 
Mul t ig roup C r o s s Sec t ions S T P 0 0 7 
R e s o n a n c e C r o s s Sec t ions S T P 0 0 8 
S p e c t r u m A v e r a g e and G r o u p Co l l aps ing S T P 0 0 9 
G r o u p Col l aps ing STPOIO 
ID-Diffusion P e r t u r b a t i o n S T P O U 
Syn thes i s T r i a l Func t ion G e n e r a t i o n S T P 0 1 2 

All s t a n d a r d pa ths l i s t e d a r e in p r o d u c t i o n s t a t u s 
for u s e r - d e b u g g i n g . 

T A B L E III.A. 3 Modules Ut i l i zed m V a r i o u s S t a n d a r d P a t h s 

S t a n d a r d 
P a t h 

Module 

STPOOl 

STP002 

S T P 0 0 3 

STP004 

STPOO5 

STP006 

S T P 0 0 7 

S T P 0 0 8 

S T P 0 0 9 

STPOIO 

S T P O U 

STP012 

ARC S y s t e m Modules Invoked 

NUIOOl, NUI002, NUCOOl, NUC002, NUEOOl, AJCOOl 

NUIOOl, NUI002, NUCOOl, NUC003 , NUEOOl, AJCOOl 

NUIOOl, NUI002, NUI003, NUCOOl, NUC004, NUEOOl, AJCOOl 

NUIOOl, NUI002, NUCOOl, NUC005 

NUIOOl, NUI002, NUCOOl, NUC006 

NUIOOl, NU1002, NUCOOl. NUC005 , NUC006, A J C 0 0 7 FClOOl 
FCCOOl 

CSIOOl, CSCOOl, CSC002, CSC004 

CSIOOl, CSCOOl 

CSIOOl, CSC002, CSC004 

CSIOOl, CSC004 

NUIOOl, NUI002, NUCOOl, NUC003 , A J C 0 0 3 

STPOOl 

As in a l l p r o g r a m m i n g e f f o r t s , ef fect ive debugging can be 
a c c o m p l i s h e d only t h r o u g h i n t e r a c t i o n wi th u s e r s . T h i s i s , of c o u r s e . 
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a rather unpleasant time from the u s e r ' s point of view, but experience to 
date has shown that it is an inevitable stage in development of a production 
code tool. 

Table III.A.4 provides comments concerning the state of 
the various modules listed in Table III.A.l. By way of clarification, the 
following labels a re intended to indicate the various levels in the life of a 
code algorithm in order of increasing completeness: 

(i) not initiated; 
(ii) algorithm and interfaces specified, programming 

not initiated; 
(iii) programmer-development ; 
(iv) prog rammer-debugging; 
(v) production; user-debugging; 
(vi) production. 

TABLE II1.A.4. Slitus ol ARC S^tem 

Module Comments 

CSIOOl 
CSIOK 
CSCOOl 
CSC1KI2 
CSC003 
CSCOM 
CSEOOl 
NUIOOl 
NUlOO? 
NUI003 
NUIOOd 
NUI005 
NUCOOl 
NUC002 
NUC003 
NUCOM 
NUCOOS 
NUC006 
NUCO07 

Nucooe 
NUC0O9 
NUEOOl 
NUE002 
AJIOOl 
AJlOO? 
AJI003 
AJCOOl 
AJC002 
AJCM3 
AJCOM 
AJC0O5 
AJC006 
AJCW7 
AJCOOg 

AJEni 
AJE002 
AJE003 
FClOOl 
FCI002 
FCCOOl 
FCCOO? 
SAIOOl 

• 
SAI009 
SACOOl I 

• 
SACOIO I 
SAEOOI 

• 
SAEOIO 

Production 
InlerfKM specified, programminq not initiated 
Production 
Production 
Alqonlhm specified, programming not initiated 
Production 
Algonlhm speciMec). programming not inpliated 
Production 
Production use eicept lor eiternal source calculations 
Production 
Inlerfaces specified, programming not initiated 
Not initiated 
Production 
Production; user-dettugginq. all options available eicept inlernat general-interlace conditions 
Production; user-debugging; all options available except internal general-interface conditions 
Production; user-debugging, all options available eicept linearly anisotropic scattering option under programmer-dcbu9ging 
Production user-debugging all options available eicept periodic boundary^nditions. internal generat-mterttce conditions, kinetics aphcn 
Production; user-degugginq all options available eicept periodic boundary conditions, internal genera)-interlace condtttons. kinetics a0ion 
Programmer development inner iteration loop being programmer-debugged 
Programmer-debugging 
Nol initialed 
Production, user-debugging 
Nol initialed 
Not initialed 
Not initiated 
Not initiated 
Production; user-debugging 
Not initiated 
Production, user-debugging all options available except calculation ol elledive delayed neutron tractions 
Programmer development and debugging 
Algorithm specified, programming not initiated 
Various algorithms specilied. under programmer-debugging 
Programmer-debuggi ng 
Not initiated 
Not initialed 
Not iniliatwl 
Not initiated 
Programmer development ol improved user lormals 
Not initiated 
Production: user-drtugging lor equilibrium option, programmer devetopment lor nonequilibrium options 
Not initiated 

Substantial CDC-)600 programming exists having production user-debugging status.' wtiich «nll torn 
the tMsis for various modules in the Safety and Accident Calculattons area 

'Reactor Physics Division Annual Report July I. 1«6 to June 30. \%1. AM.-73ia fJanuary 1%V Sections IV and Vl. 



All of the standard-path modules are assumed to be in the 
state of production user-debugging-

Persons familiar with programming generally agree that 
no code ever reaches a state of completeness implied by level (vi) above. 

(li) The RABBLE Code Users of the RABBLE program* have 
found that for problems in which the resonance escape probability is smal l , 
negative fluxes or negative resonance escape probabilities a re sometimes 
computed. The difficulty ar ises because of the buildup of e r r o r s in the 
calculation of regional slowing-down sources as thousands of fine groups 
are covered. The slowing-down density is now being used to try to cor rec t 
the slowing-down source. 

In RABBLE, the lethargy range of interest is divided into 
many very narrow intervals of constant width, called fine groups. These 
fine groups are taken to be so narrow that it can be assumed that a neutron 
suffers only one collision within a fine group and that the collision density 
is independent of lethargy withm a fine group. With these assumptions, the 
source for some region in the k th fine group, which extends from u to 
u + Au, can be written as 

r" Fo(u') , M r " 
Sk = / d u ' ^ ^ e-("-^ ') = / d u ' F s ( u ' ) P ( u ' - u ) , (1) 

where Fg(u') is the scattering rate, P(u'->u) is the probability of a neutron 
being scattered from u' to u and where, for simplicity of notation, we have 
assumed that there is only one species of sca t terer present . When the 
range of integration is broken up into the fine groups it can be shown that 

Sk = e-Au Sk-i + PiF3,k- i - e - ^ " P L F s k-L- l - (2) 

where P„ is the probability that a neutron is scat tered down in n fine 
groups and L is the maximum number of groups through which a neutron 
can be scattered. If more than one species of sca t terer is present , the 
last two terms in Eq. (2) are summed over the number of s ca t t e r e r s . Al­
though Sĵ  can be evaluated rapidly by use of Eq. (2), it cannot be evaluated 
exactly because L can be very large so that Fg cannot be stored. 

K- L - J 
I n s t e a d , we take Fg to be the a v e r a g e f i n e - g r o u p s c a t t e r i n g for the 

k- L-1 
i n t e r m e d i a t e g r o u p in which fine g roup k - L - 1 is l o c a t e d . T h i s u n a v o i d ­
ab le a p p r o x i m a t i o n m u s t c o n t r i b u t e s ign i f i can t ly to the e r r o r s in Sj^. 

•Kier, P. H.. and Robba. A. A., ANL-7.326 (April 1967). 
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A use fu l quan t i t y in the s tudy of the s lowing down of n e u t r o n s 
is the s l o w i n g - d o w n d e n s i t y q(u) , w h i c h i s def ined a s the r a t e wi th wh ich 
n e u t r o n s a r e s lowed down p a s t l e t h a r g y u. It i s g iven by 

qk = ^M = / du- - p | e - ( " - " ' ) - a \ . (3) 
7 u - e 1 - a I J 

Upon c o m p a r i s o n of E q s . (1) and (3), it i s s e e n that 

qk = Sk - - ^ F g ( u ' ) d u ' = Sk - h^ , (4) 

w h e r e h^ s a t i s f i e s the fol lowing r e c u r s i o n r e l a t i o n s h i p : 

hk = h k . , + Fs^_^Au - Fg k - L - i ^ " - (5) 

J u s t a s t h e r e i s s o m e e r r o r in Eq . (2) for Sk. t h e r e should be s o m e e r r o r 
in E q . (4) for qk. 

H o w e v e r , it i s p o s s i b l e to u s e n e u t r o n c o n s e r v a t i o n to c o m ­
pute the s l o w i n g - d o w n d e n s i t y . The change in the s l owing -down dens i t y in 
c r o s s i n g a fine g r o u p is the s u m of the a b s o r p t i o n r a t e and the net l e a k a g e 
out of the r e g i o n : 

q ; = q * _ ^ - A u { F , ^ _ ^ + J „ , , } . (6) 
^k ^k-

We can c o n s i d e r q* to be exac t b e c a u s e it i s c o m p u t e d f r o m n e u t r o n c o n ­
s e r v a t i o n , and we c a n t h e r e f o r e find the e r r o r 6qk i " qk. H o w e v e r we 
d e s i r e the e r r o r 6Sk in Sk, and u n f o r t u n a t e l y t h e r e s e e m s to be no r i g o r ­
ous p r o c e d u r e to ob ta in 6Sk f r o m <5qk-

S e v e r a l r e l a t i o n s h i p s b e t w e e n i5Sk and 6qk have b e e n 
t r i e d . A s i m p l e r e l a t i o n , n a m e l y , ' ^Sk/ fqk = ^ k / q k ' has b e e n found to r e ­
m o v e n e g a t i v e r e s o n a n c e e s c a p e p r o b a b i l i t i e s for s o m e p r o b l e m but not 
a l l . O t h e r r e l a t i o n s h i p s a r e now be ing t e s t e d . 

( i i i) S p a c e - T i m e S y n t h e s i s . The d e v e l o p m e n t of v a r i a t i o n a l 
s p a c e - t i m e s y n t h e s i s m e t h o d s wh ich a d m i t t r i a l func t ions that a r e d i s c o n ­
t inuous in s p a c e and t i m e h a s r e c e i v e d c o n s i d e r a b l e a t t e n t i o n in r e c e n t 
y e a r s . The t i m e - d i s c o n t i n u o u s t r i a l - f u n c t i o n t r e a t m e n t s p a r a l l e l the g e n ­
e r a l f o r m a l i s m d e v e l o p e d by Pomraning." '^ The s u c c e s s f u l a p p l i c a t i o n s of 
the P o m r a n i n g - t y p e func t iona l have u s e d a c l a s s of d i s c o n t i n u o u s t r i a l 

tPomraning, G. C , J. Nucl. Energy 20. 617 (1966). 
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funct ions which y ie ld a set of E u l e r - L a g r a n g e equa t ions in a f ini te d i f f e r ence 
f o r m . t It can be shown, h o w e v e r , that if a g e n e r a l c l a s s of t i m e -
d i scon t inuous t r i a l funct ions is u s e d in a s e m i d i r e c t a p p r o a c h , the r e s u l t i n g 
se t of d i f fe ren t i a l equa t ions and a s s o c i a t e d b o u n d a r y and con t inu i ty c o n d i ­
t ions in the t i m e - d e p e n d e n t mix ing funct ions have only the t r i v i a l s o l u t i o n . 
T h i s difficulty is s i m i l a r to that which e x i s t s wi th the S e l e n g u t - W a c h s p r e s s 
(S-W) func t iona l t t for spa t i a l ly d i scon t inuous t r i a l funct ions in the t i m e -
independen t c a s e . Busl ik* i l l u s t r a t e s th i s difficulty wi th the S-W p r i n c i p l e 
and poin ts out that if t r i a l funct ions which y ie ld a f inite d i f f e r ence f o r m a r e 
u s e d , the difficulty does not a p p e a r . 

In the following p a r a g r a p h s , a P o m r a n i n g - t y p e func t iona l 
for p r o m p t - n e u t r o n diffusion t heo ry in m u l t i g r o u p f o r m i s u s e d to i l l u s t r a t e 
the b a s i c difficulty in t i m e - d i s c o n t i n u o u s s y n t h e s i s , and a mod i f i ed v a r i a ­
t iona l p r i n c i p l e is p r o p o s e d which does not exhibi t t h i s d i f f icul ty . 

A v a r i a t i o n a l p r i n c i p l e for p r o m p t - n e u t r o n diffusion t h e o r y 
[based on Eq. (28) of Pomran ing]** can be w r i t t e n : 

Jp[u*,uJ dV dt 
_i Su 

+ Vu* • DVu - u*Hu ] 
• | ^ d v { [ u * v - ' ( u - f ) ] ^ ^ ^ ^ - [ f * v - ' u ] ^ J 

[̂[u dV [u*( + ) + u * ( - ) ] v - ' [ u ( + ) - u ( - ) ] '}• (1) 

w h e r e t r i a l funct ions m a y be u s e d that a r e d i s c o n t i n u o u s a t t = T. The s y m ­
bol T i n d i c a t e s i n t e g r a t i o n over the con t inuous p o r t i o n s of the i n t e r v a l f r o m 
to to tf ; the quan t i t i e s u ( - ) and u{+) denote l im i t i ng v a l u e s of u b e f o r e and 
af ter t = T, r e s p e c t i v e l y ; the funct ions f and f* a r e c h o s e n v a l u e s for the 
in i t i a l and final flux and adjoint flux d i s t r i b u t i o n s , r e s p e c t i v e l y . The m a t r i x 
H inc ludes a b s o r p t i o n , s c a t t e r i n g , and f i s s i on t e r m s in the m u l t i g r o u p 
no ta t ion of K 6 h l e r , § and u and u* a r e a p p r o p r i a t e l y t a k e n to be row and 
co lumn v e c t o r s . In the i n t e r e s t of s i m p l i c i t y , s p a t i a l b o u n d a r y cond i t i ons 
wi l l not be c o n s i d e r e d . 

•••Yasinsky, J. B., Nucl. Sci. Eng. 29. 381 (1967); Stacey. W. M.. ibid. 34. 45 (1968). 
ttWachspress, E. L., and Becker, M., in Proc Conf. Appl. Comp. Methods lo Reactor Problems, 

ANL-7050(1965). 
*Buslil<, A. J., WAPD-TM-610 (1966). 

**Pomraning, G. C, J. Nucl. Energy 20, 617 (1966). 
§Kohler, W. H., Nukleonlk 4A, 203(1966). 
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I dV f dt 6u* V-' 1^ - V • D Vu - Hu I = 0; (2) 

dV 6u' v - ' ( u - f ) (3) 

f dV[6u*(+) + 6u*(-)] v-'[u(+) - u(-)] = 0. 

Jv 
(4) 

dV / dt 6u 
V JT 

at + V • DVu* + H*u* = 0; (5) 

dV 6u v - ' (u* - f* ) = 0; (6) 

dV[6u( + ) + 6u(-)] v"'[u*( + ) - u*(-)] = 0. (7) 

The conditions stated in Eqs. (2) and (5) giMe the diffusion equation and its 
adjoint valid over the continuous portions of the time interval. In Eq. (5), 
H* is used to indicate that it now includes the adjoints of the fission and 
scattering kernels . Equations (3) and (6), respectively, give the following 
initial and final value conditions on the flux and adjoint flux: 

f at t = to 

t* = f* at t = tf 

(8) 

(9) 

The difficulties with this functional appear in the temporal 
continuity conditions specified by Eqs. (4) and (7). 

In order to i l lustrate these difficulties, the following 
synthesis approximations will be used: 

N£ 

u^(r, t) = ^ G^i(r)T£i(t); (10) 
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u*(r,t) = X T*.(t)G|.(r), (11) 
i=i 

where Ĝ ^ and G* are trial functions that may be discontinuous at t = T, 
'^ii '̂̂ d T* are time-dependent mixing functions to be determined, and 
* = 1 and i = 2 denote the respective time intervals tj :£ t £ T - e and 
T+ e s t s tf for e >0. Only Eqs. (2),(3), and (4) will be considered in 
detail. 

The original space-time-dependent partial differential 
equations of second order, specified by Eq. (2), are reduced to first-order 
ordinary differential equations in the mixing functions To;, giving in 
matrix form 

W„ ^ ^ - K„Tj(t) = 0. to - t £ T - e; (12) 

Wzz ^ ^ - K,,T,(t) = 0; r + e s t £ tf. (13) 

and the initial condition specified by Eq. (3) becomes 

WHTI = F ; t = to, (14) 

where Ŵ ^ is a N^ x N^ matrix with elements 

[Wii],j - j ^ G|^(r)v-'G^j(r) dV; £ = 1 , 2 ; (15, 

^ti is a N^ X N^ matrix with elements 

[i^ii\j= G*.(V DV + H)G^. dV; ^ = 1 , 2 ; 
'V 

F is a column vector with Ni elements 

(16) 

T (t) 
can be 

[F]j ^ f Gtj(r)v-'f(r) dV; (I7) 

IS a column vector of N, elements T,.; £ = 1, 2. Similarly Eo (4) 
; written as ' H- \-^J 
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6Tt(T + e) [W,^T^{T + e) - AjiT^r - e)] 

+ 6 T * ( T - e)[Ai2T2(T- e) - W , I T I ( T - e)] = 0, (4a) 

where A ^ n i^ a Nj^ x N^ mat r ix with elements 

[Amnlij = j G^ , ( r )v - 'G„ j ( r )dV (18) 

for m,n = 1,2 (m/n). 

In Eq. (4a), 6 T * ( T + e) and 6 T * ( T - e) a re clearly indepen­
dent and a rb i t r a ry variat ions resulting not in one necessary continuity 
condition, but rather in the following two conditions: 

WaaT^(T+e) = A , I T I ( T - e); (19) 

A,2T2(T + e) = W I I T , ( T - e). (20) 

The differential equations (12) and (13) are now over-
specified by the conditions of Eqs. (14), (19), and (20), and in general only 
the tr ivial solutions exist. This sanne fundamental difficulty a r i ses in the 
solution of the system of equations for the adjoint mixing functions T i and 
T 2, with Eq. (7) specifying the conditions 

Al^*^{T+e) = WIT*(T. e); ^ (21) 

wlr*,(T+e) = AIT*(T- €), (22) 

where the superscr ip t T indicates the transpose of mat r ices previously 
defined. 

Funotionals of the general form of Eq. (1) are therefore 
clearly usable only for a rather limited choice of t r ia l functions and a 
modification of this functional is in order . 

By way of justifying the final fornn of the functional to be 
presented below, the following observations can be made concerning the set 
of Eqs . (12). (13), (14), and (19). The differential Eq. (12) together with 
Eq. (14) form a wel l -determined initial-value problem in Ti(t) for the time 
interval to £ t £ T - e. With T I ( T - e) now known, Eq. (19) becomes a set 
of Nj algebraic equations in the N^ unknowns T2J(T + e), and the T2i(T+ e) 
so determined a re just the initial-value conditions for the differential 
Eq. (13). Thus, the system of equations for the functional of Eq. (1) can be 
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r e n d e r e d u s a b l e by d i s c a r d i n g the condi t ion i m p o s e d by E q . (20). The 
e l i m i n a t i o n of Eq . (20) r a t h e r than Eq . (19) i s not an a r b i t r a r y c h o i c e . 
Equa t ion (20) for an i n i t i a l - v a l u e p r o b l e m r e p r e s e n t s a se t of Nj a l g e b r a i c 
equa t ions in the Nj 
the s p e c i a l c a s e 

unknowns T^J^T + e), and thus is mean ing fu l only for 
= Nj . Howeve r , Eq . (20) i s of the s a m e f o r m a s 

E q . (21) of the adjoint p r o b l e m . The adjoint p r o b l e m i s a f i n a l - v a l u e p r o b 
l e m , and Eq. (21) i s a se t of Nj a l g e b r a i c equa t ions in the Nj unknowns 
T U ( T - e). T h u s , in the adjoint p r o b l e m , Eq . (22) m u s t be d i s c a r d e d . 

The following funct ional i s a p r o p o s e d m o d i f i c a t i o n of the 

funct ional of Eq . (1): 

J[u^ dV dt ^ + Vu* • DVu - u*Hu 
dt 

d v | [ u * v - ' ( u - f ) \ ^ ^ ^ - [ f * v - ' u 4 ^ ^ J 

f dv{u*(+)v - ' [u (+) - u ( - ) ] } . (23) 

Since the f i r s t two i n t e g r a l s have r e m a i n e d u n c h a n g e d , the cond i t i ons for J 
to be s t a t i o n a r y a r e the s a m e a s those spec i f i ed in E q s . (2), (3), (5), and 
(6), and the condi t ions which r e p l a c e t hose of E q s . (4) and (7) a r e 

d v { 6 u * ( + )v" '[u( + ) - u ( - ) ] } = 0; (24) 

d v { 6 u ( - ) v - ' [ u * ( + ) - u * ( - ) ] } = 0. (25) 

If the s y n t h e s i s a p p r o x i m a t i o n s of E q s . (10) and (11) a r e 
u s e d , the following w e l l - d e t e r m i n e d s y s t e m of e q u a t i o n s is ob t a ined : 

W u ^ - Ki iT , = 0; to s t ^ T - e ; 
dt 

(12) 

W z z ^ - K22T2 = 0; T + e s t - tf; 

W „ T i = F ; t = to; 

(13) 

(14) 
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W22T2(T+e) = A 2 , T i ( T - e ) ; (19) 

Vfl ^ + Kf i ' ^T t = 0; to - t - T - e; (26) 
dt 

T d T t *T i 
Wz2 - ^ + K22 T * = 0; T + e s t s t f ; (27) 

wJzTt = F*; t = tf; (28) 

W?iT*(T-e) = Aj^T*{T+e), (21) 

where F* is a column vector with Nj elements 

[F*L = / f*(r)v- 'G2j(r)dV. (29) 
Jy 

Kp„ is of the same form as that of Eq. (16), but H nnust be replaced by H*. 
Some of the ea r l i e r equations have been repeated in this a r r ay for connplete-
ness purposes . 

The new variational principle of Eq. (23) has been shown to 
lend itself to the most general application of the semidirect method with 
t ime-discontinuous t r ia l functions while exhibiting none of the inconsisten­
cies of Eq. (1). 

Although spatial boundary \:onditions have not been con­
sidered in this t rea tment , they present no part icular difficulty. The func­
tional is easily extended to include multiple interfaces in t ime, and to also 
include delayed neutrons and p recu r so r s with no loss of generali ty. 

2. Nuclear Da ta - -Resea rch and Development 

a. Cross Section Measurements (C. E. Crouthamel and 
N. D. Dudey) 

Last Reported: ANL-7500, pp. 91-92 (Sept 1968). 

(i) Monoenergetic Neutron Cross Section Measurements . Ex­
per iments to measure the neutron-capture cross sections of '̂V and^^Ti as 
a function of neutron energy have been connpleted. A detailed report of these 
measuremen t s has been writ ten for publication. 

(ii) Integral Cross Section Measurements . Data analysis has 
been completed for (n,-y), (n,p), and (n,a) reactions in s tainless steel 
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55t S*\ Mn, ' 'Co , "-Co 60r 
specimens irradiated in EBR-II. Production rates of Fe 
and "Ni , given in atoms per megawatt-day per gram of ^YP^ ^"^^ ^^^ " 
less steel, are shown in Fig. III.A.l for 8 radial locations m EBR-II- Ihe 

data obtained in this study provided 
a means of measuring the total neu­
tron flux per megawatt in EBR-II. 
Our value of 4.9 x lO'^ 0 / M W at 
full power (50 MW) is in good agree­
ment with a value of 5.06 x lO" <t>/MW 
at 20 kW reported by Jackson and 
Ulseth.* These values a re also in 
good agreement with a diffusion-
theory calculation. From these data 
it is concluded that, within experi­
mental e r r o r , the total flux per 
megawatt is independent of reactor 
power. 

The measurements performed 
in this study indicate that " F e can be 
a very sensitive monitor of fast-
reactor neutron flux and neutron-
energy spectrum. The '*Fe(n,7) Fe 
reaction is sensitive to neutron 
energies between ~1 keV and 1 MeV; 
the "Fe(n,p)^''Mn reaction, to ener­
gies between ~1 and 8 MeV. The 

latter reaction has previously been recognized as a reliable flux and fluence 
monitor. The sensitivity of the atom ratio "Mn/^^Fe as a "spectral hard­
ness" indicator is demonstrated in Table III.A.5 for measurements at 
8 radial positions in EBR-II; included in the table, for comparison, are the 
median neutron energies calculated by diffusion theory. 

RADIAL DISTANCE FROM CORE CENTER (cr 

Fig. III.A.l. Specific Atom-production Rates in 
Type 304L Stainless Steel as a Func­
tion of Irradiation Position in EBR-II 

TABLE III.A.5. "Spectral Hardness" Indicator in EBR-II: 
Atom Ratio ^*Mn/'"Fe Produced from **Fe 

Radial 
Position^ 

(cm) 

3.86 
10.21 
21.25 
30.62 

Atom Ratio 
" M n / " F e 

2.18 
1.98 
1.63 
0.893 

Calculated 
Median Neutron 

Energy (keV) 

470 
465 
405 
320 

Radial 
Positiona 

(cm) 

40.83 
51.03 
61.24 
71.45 

Atom Ratio 
'<Mn,'"Fe 

0.320 
0.102 
0.056 
0.040 

Calculated 
Median Neutron 

Energy (keV) 

206 

140 

^Distance from core center. 

The a n a l y s i s of T i , V, S, F e , Ni, Co, Sc, Cu, and Au 
s a m p l e s i r r a d i a t e d in an E B R - I I D o s i m e t r y T e s t e x p e r i m e n t i s n e a r i n g 

*Jackson, I. L., and Ulseth, J. A., Nucl. Appl. S. 275 (1968). 
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completion. It is anticipated that production rates and spectrum-averaged 
cross sections for more than 20 (n,-/), (n,p), (n,a), and (n,2n) reactions will 
be determined from this study. Pre l iminary data indicate that the total 
neutron flux per megawatt, measured in this experiment at 91.5 kW, is 
identical to the value measured at 50 MW, this finding supports the p re ­
viously stated conclusion that the total flux per megawatt is independent of 
reactor power. 

(iii) Low-mass Fas t -neut ron Fission Yields. Assembly and 
calibration of the equipment to measure low-mass fission yields is pro­
ceeding on schedule. Minor nnodifications to some of the electronic mod­
ules have been required; however, the systenn is expected to be operational 
by the time the new ANL neutron generator is available for use. 

b. Burnup Analysis and Fission Yields for Fast Reactors 
(R. P . Larsen) 

(i) Supplemental Determination of Absolute Fission Yields of 
Burnup Monitors for Fast Reactor Fuels 

Last Reported: ANL-7500, p. 94 (Sept 1968). 

Plans a re being made to ca r ry out an irradiation in EBR-II 
to provide additional mate r ia l for fission-yield determinations (see P r o g r e s s 
Report for July 1968, ANL-7478, pp. 93-94. One-hundred-mil l igram 
quantities of various fissionable isotopes will be i r radia ted in dr iver subas­
semblies for one full fuel cycle (90-120 days). It was initially planned to 
determine the number of fissions occurr ing in the samples by analyzing for 
each of the heavy fission products and summing the number of fission prod-
duct atoms produced. 

It now appears that the number of fissions can be nnore 
readily determined if a short i r radiat ion (1 to 2 hr at a 50-kW power level) 
is ca r r i ed out in conjunction with the full-fuel cycle i rradiat ion. In the 
short i r radiat ion, fission foils and fission t rack counters of the type de­
scribed in the P r o g r e s s Report for November 1968, ANL-7518, p. 81 would 
be employed. The shor t - i r rad ia t ion experiment would provide the data nec­
essa ry to establ ish a factor relating the counts of a par t icular fission prod­
uct, e.g., cer ium-144 (285 days) or ruthenium-106 (365 days), to the number 
of fissions that occurred . In the full-cycle i r radiat ion, identical fission foils 
would be encapsulated with the 100-mg samples of fissionable isotopes. 
These foils would be counted for the same fission product, and the number 
of fissions calculated using the factor obtained in the short i r radiat ion. 

Because this technique is new and has not been tested, it 
is planned to evaluate it by measuring the thermal-f iss ion yield of 
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cesium- 137 from uranium-235, a yield which has been well-establ ished by 
other techniques. This irradiation will probably be car r ied out m either 
CP-5 or Juggernaut. 

c. Reactor Code Center (M. Butler) 

Last Reported: ANL-7518, p. 84 (Nov 1968). 

R. Prescot t of the ENEA Computer P rogramme Library , Ispra , 
Italy, spent two weeks at the Code Center during the past month testing the 
IBM-360 versions of programs abstracted in Supplement 1 to ANL-7411, 
Compilation of Program Abstracts . This first supplement is being readied 
for distribution. 

Three new programs have been added to our l ibrary during 
December: 352, RAUMZEIT, a time-dependent one-dimensional diffusion 
program for the CDC-6600 submitted by KAPL; 353, SWELL2, a fuel-
element-lifetime study prepared for Argonne for the CDC-3600; and 354, 
CINCAS, a fuel-cycle economy, accounting, and forecasting program for 
the IBM 360 submitted by Commonwealth Edison. In addition, an IBM-360 
version of 275, PDQ7, was received from IBM. These four p rograms are 
now ready for distribution upon request. 

A Directory of Cooperating Installations is being prepared for 
publication as ANL-7497 and is expected to be distributed shortly. This 
initial issue of the directory contains the installation facilities repor ts for 
73 of the cooperating installations. 
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B. R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 

1. F u e l s and C ladd ing 

a. R e s e a r c h and D e v e l o p m e n t 

(i) B e h a v i o r of R e a c t o r M a t e r i a l s 

(a) F i s s i o n Gas B e h a v i o r in U r a n i u m - P l u t o n i u m - C a r b i d e 
F u e l s (L. C. M i c h e l s ) 

L a s t R e p o r t e d : A N L - 7 5 1 3 , pp. 102-103 (Oct 1968). 

The t e c h n i q u e d e v e l o p e d for the p r e p a r a t i o n of thin 
s e c t i o n s of c a r b i d e fuels for t r a n s m i s s i o n e l e c t r o n i n i c r o s c o p y ( see P r o g r e s s 
R e p o r t for S e p t e m b e r 1968, A N L - 7 5 0 0 , p . 98) h a s b e e n modi f i ed . The zinc 
ennbedding m a t e r i a l , a l t hough qui te s u i t a b l e for o t h e r r e a s o n s , would not 
p e n e t r a t e the m i c r o c r a c k s in the c a r b i d e s be ing used ; c o n s e q u e n t l y , p i e c e s 
of the c a r b i d e s p e c i m e n s would b r e a k l oose e i t h e r d u r i n g o r a f t e r p r e p a r a ­
t ion. H o w e v e r , an epoxy r e s i n . A r a l d i t e , * w a s found to be a s u i t a b l e i m -
p r e g n a n t for the c a r b i d e s p e c i m e n s . The modi f i ed t e chn ique c o n s i s t s of 
( I ) i m m e r s i o n of the c a r b i d e s p e c i m e n ( a p p r o x i m a t e l y 0.062 in. in d i a m e t e r 
by 0.020 in. th ick) in A r a l d i t e in a Tef lon mo ld , (2) e v a c u a t i o n of the c o m ­
p o s i t e to 0.025 T o r r for about 15 min to r e m o v e g a s e s f r o m the m i c r o c r a c k s 
in the c a r b i d e s p e c i m e n a s w e l l a s d i s s o l v e d g a s e s f r o m the A r a l d i t e . (3) a p ­
p l i c a t i o n of a h y d r o s t a t i c p r e s s u r e of lOOpsi (us ing a r g o n g a s ) , and (4) hea t ing 
to 100°C u n d e r p r e s s u r e for 2 h r to s e t and c u r e the A r a l d i t e . T h i s p r o c e d u r e 
p r o d u c e s c o m p l e t e p e n e t r a t i o n of the m i c r o c r a c k s by the epoxy a s we l l as 
a sound e p o x y - c a r b i d e i n t e r f a c e bond. 

After e j e c t i o n f r o m the Tef lon mold , the c o m p o s i t e 
s p e c i m e n is g r o u n d on a b r a s i v e p a p e r to a t h i c k n e s s of about 0.005 in. and 
then th inned by us ing an e l e c t r o l y t i c d o u b l e - j e t t e c h n i q u e . In o r d e r to 
c i r c u m v e n t the need to m a k e a m e c h a n i c a l - e l e c t r i c a l c o n t a c t to the spec innen 
(which would be r a t h e r diff icul t wi th the epoxy moun t ) , one j e t of e l e c t r o l y t e 
is m a d e the anode and the o t h e r j e t the c a t h o d e . The p o l a r i t y of the po l i sh ing 
c u r r e n t is p e r i o d i c a l l y r e v e r s e d d u r i n g p o l i s h i n g , a c c o r d i n g to the m e t h o d 
s u g g e s t e d by B a i n b r i d g e . * * Us ing the j e t s as e l e c t r i c a l c o n t a c t s wi l l a l s o 
a l low the a p p l i c a t i o n of th i s t e c h n i q u e to ox ides and e l i m i n a t e the p r o b l e m of 
a m e c h a n i c a l - e l e c t r i c a l c o n t a c t n o r m a l l y e n c o u n t e r e d wi th h i g h - r e s i s t i v i t y 
•ma te r i a l . S a t i s f a c t o r y th in s e c t i o n s of UC have b e e n ob ta ined by us ing th i s 
t e c h n i q u e . 

*Product of the Ciba Products C. mpany. 
••Bainbndge. J. E.. AERE-R-5677 (Jan 1968). 
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(ii) T h e r m o d y n a m i c s of Fue l M a t e r i a l s 

(a) Vapor Spec ies P a r t i a l P r e s s u r e s in the T e r n a r y 
U - P u - C Sys tem (J. E. B a t t l e s ) 

Las t Repo r t ed : A N L - 7 5 0 0 , p . 98 (Sept 1968). 

M a s s - s p e c t r o m e t r i c s tud i e s of the v o l a t i l i z a t i o n b e ­
hav io r of the U - P u - C s y s t e m a r e being conduc ted to d e t e r m i n e (1) the 
a p p a r e n t compos i t i on of the vapor p h a s e in e q u i l i b r i u m wi th the c o n d e n s e d 
p h a s e ( s ) , (2) the p a r t i a l p r e s s u r e s of the vapo r s p e c i e s a s a funct ion of 
t e m p e r a t u r e , and (3) the t h e r m o d y n a m i c p r o p e r t i e s of the v a p o r s p e c i e s 
and condensed p h a s e s . 

The b i n a r y P u - C s y s t e m is be ing i n v e s t i g a t e d f i r s t to 
e s t a b l i s h the r e l a t i o n s h i p s be tween the vapo r and c o n d e n s e d p h a s e s . T h e s e 
r e l a t i o n s h i p s wi l l be helpful in the s tudy of the t e r n a r y U - P u - C s y s t e m . In 
the P u - C s y s t e m , t h e r e a r e , at s e l e c t e d t e m p e r a t u r e s , four t h e r m o d y n a m i -
ca l ly i n v a r i a n t t w o - p h a s e f ields c o n s i s t i n g of so l id s only: P u C + PU2C3, 
PU2C3 + C, PU2C3 + PuC2, and PuC^ + C. 

M a s s - s p e c t r o m e t r i c a n a l y s i s of the v a p o r p h a s e in 
e q u i l i b r i u m with the condensed s y s t e m s PU2C3 + C and PU2C3 + PuC2, in the 
t e m p e r a t u r e r a n g e s f rom 1365 to 1750°C and f r o m 1750 to 2026°C, r e s p e c ­
t ively , showed only the p r e s e n c e of Pu(g) . No e v i d e n c e w a s found for PuC(g) 
or PuC2(g), which ind ica ted that t h e i r abundance in the v a p o r p h a s e , if they 
w e r e p r e s e n t at a l l , was l e s s than 0 .1% at the h i g h e r t e m p e r a t u r e s . (Olsen 
and Mulford* r e p o r t e d about 0.1% PuC2(g) in the v a p o r p h a s e o v e r c o n d e n s e d 
PU2C3 + C at 1990°K.) Our r e s u l t s , coupled wi th X - r a y d i f f r ac t ion a n a l y s i s 
of the s a m p l e r e s i d u e s , ind ica te tha t v a p o r i z a t i o n of Pu(g) f r o m the c o n ­
densed p h a s e s p r o c e e d s ma in ly a c c o r d i n g to the r e a c t i o n s 

l /2Pu2C3(s) = Pu(g) + 3 /2C(s ) (<1750°C) (1) 

and 

2Pu2C3(s) = Pu(g) + 3PuC2(s ) (> l760°C) . (2) 

However , the c o m p o s i t i o n l i m i t s of the t w o - p h a s e r e g i o n s PU2C3-C and 
PU2C3-PUC2 a r e unknown. Tungs t en effusion c e l l s w e r e u s e d in both the 
m e a s u r e m e n t s of t e m p e r a t u r e dependency and r a t e s of effusion wi thou t any 
a p p a r e n t r e a c t i o n with the s a m p l e s . 

The t e m p e r a t u r e d e p e n d e n c e of Pu"'"(g) in e q u i l i b r i u m 
with the condensed p h a s e s h a s been d e t e r m i n e d in two s e r i e s of m e a s u r e ­
m e n t s for R e a c t i o n ( l ) and four s e r i e s of m e a s u r e m e n t s for R e a c t i o n (2). 

*01sen, W. M., and Mulford. R. N. R., "Thermodynamics of Plutonium Carbides," Thermodynamics of 
Nuclear Materials, IAEA, Vienna (1967), p. 467. 
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The h e a t s of r e a c t i o n c a l c u l a t e d f r o m the s l o p e s of the l i nes of log IT v e r s u s 
I / T a r e 98 .2 ± 1.1 and 116.0 ± 1.8 k c a l / m o l Pu(g) for R e a c t i o n s (1) and (2). 
r e s p e c t i v e l y . 

V a p o r p r e s s u r e s of 1.12 x 1 0 ' * a t m at 1746°C for 
R e a c t i o n (1) and 4 .98 x 1 0 " ' a t m at 1854°C for R e a c t i o n (2) w e r e d e t e r m i n e d 
f r o m m e a s u r e m e n t s of the r a t e of m a s s effusion ( w e i g h t - l o s s m e t h o d ) . When 
t h e s e v a l u e s of the v a p o r p r e s s u r e s and the s l o p e s of the t e m p e r a t u r e -
d e p e n d e n c e d a t a a r e u s e d to e v a l u a t e the i n t e r c e p t s , the following e q u a t i o n s 
for the v a p o r p r e s s u r e s a s a funct ion of t e m p e r a t u r e a r e d e r i v e d for 
R e a c t i o n s (1) and (2), r e s p e c t i v e l y : 

log P ( a t m ) = . 2 1 , 4 7 0 ± 230 ^ (4 fegfe + o. 1 I 8)(1 365-1 750°C); (3) 

log P ( a t m ) = - ^ ^ ^ ^ ^ ^ r ^ - ^ + ( 6 . 6 2 0 + 0 . 1 9 1 ) ( 1 7 5 0 - 2 0 2 6 ° C ) . (4) 

The e r r o r s i n d i c a t e d for the i n t e r c e p t s of E q s . (3) and (4) a r e the 
s t a n d a r d d e v i a t i o n s in the s l o p e s c o m b i n e d wi th an e s t i m a t e d s t a n d a r d 
d e v i a t i o n of 7% in the m e a s u r e m e n t of the m a s s - e f f u s i o n r a t e s . E q u a t i o n (3) 
a g r e e s r e a s o n a b l y we l l wi th tha t of O l s e n and Mulford ,* n a m e l y , log P ( a t m ) = 
(4.39 ± 0.08) - (20,330 ± 1 4 0 ) / T . The c o n d e n s e d PU2C3 + PuC2 s y s t e m h a s not 
b e e n p r e v i o u s l y s t u d i e d . 

M e a s u r e m e n t s of r a t e s of effusion and t e n n p e r a t u r e 
d e p e n d e n c e a r e c u r r e n t l y be ing conduc t ed on the c o n d e n s e d P u C j + C sys tenn . 
Since O l s e n and Mul ford a s we l l a s o t h e r s Ijave i n v e s t i g a t e d the P u C - P u j C j 
s y s t e m , o u r r e s u l t s for the PuC2 + C s y s t e m should c o m p l e t e the c h a r a c ­
t e r i z a t i o n of the v o l a t i l i z a t i o n b e h a v i o r of the e n t i r e P u - C s y s t e m . 

2. C o o l a n t s , M o d e r a t o r s , and C o n t r o l M a t e r i a l s - - F u n d a m e n t a l s of 
C o r r o s i o n in L iqu id M e t a l s 

a. C o r r o s i o n M e c h a n i s m s (D. L. Smi th ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 90-91 (Nov 1968). 

The equ i l ib r iunn d i s t r i b u t i o n coe f f i c i en t s for oxygen b e t w e e n the 
G r o u p - V r e f r a c t o r y m e t a l s and l iquid s o d i u m a r e be ing d e t e r m i n e d . The 
e x p e r i m e n t a l m e a s u r e m e n t r e q u i r e s a c c u r a t e a n a l y s e s for oxygen in s o d i u m 
at c o n c e n t r a t i o n s be low 20 p p m . The p r i n c i p a l m e t h o d h a s b e e n by v a c u u m 
d i s t i l l a t i o n of the sodiunn and t i t r a t i o n of the h y d r o l i z e d r e s i d u e wi th d i lu t e 
h y d r o c h l o r i c a c i d . In s o m e c a s e s the s o d i u m in the h y d r o l i z e d r e s i d u e h a s 
a l s o b e e n n n e a s u r e d by f l a m e p h o t o m e t r y . Both t e c h n i q u e s r e q u i r e a 
k n o w l e d g e of the c o m p o s i t i o n of the r e s i d u e , s i n c e the oxygen con t en t is 

•ibid., see previous page. 
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d e t e r m i n e d f rom the a lka l in i ty or sod ium conten t of the r e s i d u e . The 
oxygen in the sod ium has been c o n t r o l l e d by c i r c u l a t i o n t h r o u g h a cold 
t r a p fi l led with s t a i n l e s s s t e e l m e s h . The c o l d - t r a p t e m p e r a t u r e h a s b e e n 
v a r i e d f rom 103 to 240°C. T h e s e t e m p e r a t u r e s c o r r e s p o n d to a c a l c u l a t e d 
oxygen so lubi l i ty in sod ium of 0.30 to 30.2 ppm, a c c o r d i n g to the equa t ion 
given by K a s s n e r and Smith* and d e r i v e d f rom the da t a of R u t k a u s k a s * * 
and of Noden and Bagley . 

F i g u r e I I I .B. l is a plot of the r e s u l t s of the oxygen a n a l y s e s 
obtained as a function of r e c i p r o c a l c o l d - t r a p t e m p e r a t u r e . T h e s e data 
w e r e obtained by t i t r a t i o n of the hyd ro l i zed r e s i d u e to pH 4 .7 . A l so 
included in the f igure a r e the solubi l i ty da ta of R u t k a u s k a s . The o r i g i n a l 
a s s u m p t i o n was m a d e that the r e s i d u e c o n s i s t e d of Na20 and Na2C03. 
Other sodium compounds such as NaH and Na3N w e r e be l i eved to d i s s o c i a t e 
at the d is t i l l a t ion t e m p e r a t u r e . The t i t r a t i o n of Na2C03 o c c u r s in two s t e p s : 

Na^COj + HCl ^ NaHC03 + NaCl; 

NaHC03 + HCl - HjCO, + NaCl. 

The f i r s t r e a c t i o n is connpleted by pH 7.7 and the second by pH 4 .7 . Since 
t i t r a t i on of the NaOH obtained f rom h y d r o l y s i s of the Na20 r e s i d u e i s 
comple ted a t pH 7.7, the amount of Na20 and Na2C03 can be d e t e r m i n e d 
f rom a t i t r a t ion to pH 4.7. Any NajCOs o b s e r v e d in the t i t r a t i o n m a y have 
come from e i t he r the sodium or f rom c o n t a m i n a t i o n of the NajO by CO2 
during t r a n s p o r t or t i t r a t i on . N o r m a l l y , the r e s i d u e was kept in an i n e r t 
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Fig. III.B.l. Vacuum Distillation AnalysU of Oxygen in Sodium as 
a Function of Cold-trap Temperature 

•Kassner, T. P., and Smith, D. L., ANL-7335 (1967). 
••Rutkauskas, V. J., LA-3524-MS (1966). 

tNoden, J. D., and Bagley, K. A., UKAEA Report TN-80 (1958). 
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atmosphere during transport , hydrolysis, and titration. When the sample 
was handled carefully, the amount of acid required for the NaHC03 titration 
(pH 7.7 to pH 4.7) was usually less than 5% of the acid required for titration 
to pH 7.7. The NaHCOs titration was frequently about equal to the water-
blank titration. When the residue was intentionally or inadvertently exposed 
to the atmosphere during t ransport , hydrolysis, or titration, a significantly 
larger proportion of the acid was required to t i trate from pH 7.7 to pH 4.7. 
We concluded that the sodium from this system does not contain a detectable 
annount of Na2C03. The values of oxygen given in Fig. III.B.l were obtained 
by assuming that all of the sodium titrated to pH 4.7 was in the form of Na20 
in the residue. Note that the high-tennperature portion of the systenn was 
at 600 or 700°C for a long period of time, and that Na2C03 has been reported 
to be unstable at these t empera tu res . • 

The possible loss of Na2C03 during distillation has been tested. 
The sodium is typically distilled in a vacuum of better than 10 Torr at a 
temperature of ~325°C for 2 hr. The temperature is then increased over 
a 30-min period to above 440°C. When the maximum distillation temperature 
was less than 440°C, larger amounts of sodium were titrated than for similar 
samples distilled to higher tempera tures . The excess sodium apparently 
comes from a sodium compound that decomposes at the higher distillation 
tempera tures . This compound may be unstable at the lower distillation tem­
pera tures , with the presence of the compound controlled by the kinetics of 
the decomposition process . Titration of the residues from the lower-
temperature distillations indicated that the excess sodium does not come 

from Na2C03. Off gases collected during dis­
tillation will be analyzed by gas chromatography 
in an attempt to determine the sodium compound. 

Since calcium in the distillation residue 
could cause an e r ro r in the oxygen analysis, the 
presence of calcium in several hydrolyzed 
residues was measured by flame photometry. 
No calcium was detected in any of the samples 
tested (the detection limit is below 1 ppm 
calcium). The presence of calcium in the form 
of CaO in the residue would decrease the oxygen 
in sodium, as nneasured by flame-photometric 
analysis based on Na20. Several of the hydo-
lyzed residues were also analyzed for sodiunn 
by flame photometry. Figure III.B.2 is a plot 
of the total sodium obtained by the flame-
photometric analysis versus the total sodium 
obtained by titration. The curve indicates 
that the flanne-photometric analysis gives 
3 ppm more sodium at each concentration. 

K) 20 30 40 50 6C 

SOCHUM BY TITRATION, ppm 

Fig. III.B.2 Comparison of Sodium 
Analyses of Vacuum 
Distillation ResidiLc 

•Kelley. K. J., et al., CNLM-6337 (1965). 
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This would indicate that a sodium compound, unaffected by the cold- t rap 
temperature, is present in the residue and that the compound is not 
detectable by titration of the hydrolyzed residue. 

b r.orrnsion Inhibition by Dissolved Getters in Liquid-sodium 
Environment (K. Natesan, C. A. Youngdahl, and W. McFall) 

Last Reported: ANL-7500, p. 99 (Sept 1968). 

(i) Calcium Additives. Dissolved getters in sodium are being 
investigated as a means of controlling the oxygen activity in sodium. Since 
elements such as calcium interact with oxygen to form an oxide (CaO) more 
stable than NajO, both the activity and the concentration of oxygen in sodium 
is decreased. Calcium additives will be studied to determine quantitatively 
the effect of calcium on the solubility of oxygen in sodium and to determine 
experimentally the Gibbs free-energy-interaction coefficients in the 
Na-O-Ca system. 

For these studies, sodium with different calcium concentra­
tions will be equilibrated in a molybdenum crucible at 500, 600. and 700°C 
for 3 hr. and the oxygen will be analyzed by vacuum distillation. At present , 
analytical and recovery techniques for Ca are being developed. 

An apparatus for detailed studies of the Na-O-Ca systenn is 
being constructed. The apparatus consists of a high-purity molybdenum pot 
(of 55^-in. OD by 9 in. long) containing about 0.6 gal of sodium. The oxygen 
activity in sodium will be measured by a UNC oxygen meter , and the oxygen 
concentration will be determined by vacuum distillation. Wire samples of 
vanadium or tantalum will also be equilibrated in sodium for oxygen analysis 
by internal-friction techniques. 

(ii) Carbon Determination. A dry-combustion apparatus for the 
analysis of total carbon in sodium is being constructed. The method involves 
conversion of all the carbon in the sample to carbon dioxide and analyzing the 
evolved gas by chromatography. 

3. Radiation Pannage on Structural Mater ia l s - -Research and Development--
In-Reactor Creep Studies 

a. Void Formation and Growth (S. D. Harkness) 

Last Reported: ANL-7518, p. 91 (Nov 1968). 

(i) Void Size Distributions. A number of s ize-distr ibution 
measurements of voids in fast-neutron-irradiated austenitic s tainless steel 
have been completed. The most obvious generalization is that the size 
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distributions a re quite narrow. The standard deviation of the plots measure 
only from 0.3 to 0.4 of the mean. Table III.B.l includes a summary of the 
size-distr ibution data and the resul ts of immersion density for comparison. 
The samples analyzed in this study were obtained from a control-rod 
thimble and from Mark-IA driver-fuel cladding. 

T A B L E I I I . B . l . Void F o r m a t i o n in Type 304 S t a in l e s s Steel 
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the effects of flux and time, immersion-density measurements were made 
with an XG02 shroud tube that had been exposed to a relatively low flux 
("0.9 X 10 n /cm -sec) for over three years . This long exposure resulted 
in an integrated neutron flux of 3.2 x 10 n/cm . The measured change in 
immersion density at the peak flux position was 0.7 + 0.2%, a value near 
that expected for this integrated exposure ak high fluxes. The large 
scat ter associated with the immersion-density measurements is pr imari ly 
the resul t of the tubular geometry of the shroud. The agreement of swelling 
resul ts for both high- and low-flux irradiations at constant neutron fluence 
indicates that the reporting of irradiations only in te rms of fluence is sa t i s ­
factory for the purposes of characterizing void formation. 

(iii) Void Formation after Irradiation at an Elevated 
Tempera ture . A sample of Type 304 stainless steel from an encapsulated 
s t ructural subassembly has been studied by transmission electron mic ros ­
copy. This sample reached a temperature of 600 ± 50°C and received a 
neutron exposure of 2 x 10^^ n/cm^. No voids or Frank dislocation loops 
were observed. The only observable defect s t ructure consisted of a low 
number density of pr ismat ic dislocation loops and an occasional polygonized 
dislocation wall. 

The fact that no voids were observed emphasizes the 
temperature dependence of the phenomenon. 
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4. Techniques of Fabrication and Test ing--Research and Development 

a. Nondestructive Test ing--Research and Development 

(i) Development of Nondestructive Testing Techniques 
(C. J. Renken) 

Last Reported: ANL-7518, pp. 92-96 (Nov 1968). 

(a) Fil ters for Electromagnetic Test Systems. Investiga­
tions are continuing to provide improved filtering methods for e lec t ro­
magnetic test systems. Filtering in scanning nondestructive test systems 
is a problem that could have significant consequences on the cost of future 
fast reactor components, particularly jacket tubing and heat-exchanger 
pipe. Proper filtering can reduce the chance of a defect being overlooked 
by the test system and can drastically reduce the number of false a la rms 
due to unimportant variations in specimen parameters . 

A general block diagram of an electromagnetic test 
system is shown in Fig. IU.B.3. The transducer (usually some type of 
inductor or set of inductors) induces a time-varying current in the 
specimen and detects the field established by the specimen current . The 

information developed in the t r ans ­
ducer is always delivered to the 
electronic-processing circui t ry by 
a time-varying current termed 
"the ca r r i e r . " This c a r r i e r is 
usually a sinusoid of the same fre­
quency as that driving the transducer, 
but the ca r r i e r may be a train of 
pulses, as in the case of pulsed 
electromagnetic test equipment. The 
ca r r i e r is electronically processed 
to separate useful test information 
from extraneous signals. After 
processing, the ca r r i e r may be 
displayed on an oscilloscope for 
readout, but the ca r r i e r is usually 
demodulated so that its amplitude 
may either be displayed on an 
ordinary low-frequency recorder 
or used to operate various logic 
devices. Demodulation is the 
r^emoval of essentially all of the 
frequency components that a re 
independent of the presence of the 
specimen. 
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Fig. II1.B.3. General Block Diagram of an Electro­
magnetic Test System 
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The f r e q u e n c y s p e c t r u m of the d e m o d u l a t e d output 
s i g n a l i s in f luenced by m a n y v a r i a b l e s , inc lud ing t h o s e of the t e s t s p e c i m e n , 
the s c a n n i n g s p e e d , and the d e s i g n of the t r a n s d u c e r . H o w e v e r , a l l i n f o r m a ­
t ion m u s t be t r a n s m i t t e d t h r o u g h the t r a n s d u c e r , s o i t s d e s i g n inev i t ab ly 
in f luences the whole s p e c t r u m . The t r a n s d u c e r can be c o n s i d e r e d a s a 
type of f i l t e r . ^ 

One of the w a y s of d e t e r m i n i n g the t r a n s f e r function 
of a f i l t e r i s to m e a s u r e i t s r e s p o n s e to an i m p u l s i v e d r i v i n g function and 
then to c a l c u l a t e the F o u r i e r t r a n s f o r m of the r e s u l t . Subjec t to c e r t a i n 
qua l i f i c a t i ons , the effect that an inf in i te ly s m a l l d i s con t i nu i t y wi th in the 
t r a n s d u c e r f ield e x e r t s on the r e s p o n s e of the t r a n s d u c e r can p r o b a b l y 
be c a l c u l a t e d . (Th i s p r o b l e m is be ing a c t i v e l y p u r s u e d . ) The effect of 
such a d i s con t i nu i t y can be e x p e r i m e n t a l l y s i m u l a t e d by p a s s i n g a v e r y 
s m a l l d i s c o n t i n u i t y t h r o u g h the f ield, for e x a m p l e , a s m a l l hole in a 
s p e c i m e n . An e x a m p l e of the r e s p o n s e of a t r a n s d u c e r to such an e x p e r i ­
m e n t a l " i m p u l s e de fec t " is shown in F ig . I I I .B .4 . To avoid confusion, 
r e m e m b e r that the r e s p o n s e s of th i s type of t r a n s d u c e r a p p e a r s a t the 
output of the d e m o d u l a t o r , and is c a u s e d by a change in e i t h e r the a m p l i t u d e , 
p h a s e , or f r equency of the c a r r i e r . In one s e n s e . F ig . I I I .B.4 would idea l ly 
show a s p i k e , excep t that such a t r a n s d u c e r r e s p o n s e would d e m a n d infini te 
s cann ing t i m e of the s p e c i m e n ; but , the s h o r t e r the r e s p o n s e of a t r a n s ­
d u c e r to an i m p u l s e defect , the h i g h e r the r e s o l u t i o n a s s o c i a t e d wi th the 
t r a n s d u c e r . The c a l c u l a t e d s p e c t r u m of F ig . I I I .B.4 is shown in F ig . I I I .B .5 . 
Idea l ly , t h i s r e s p o n s e should be flat to infinity; i n s t ead , the t r a n s d u c e r is 
a type of l o w - p a s s f i l t e r . 

In the pa s t , the t r a n s f e r function (in s p a c e ) of a 
t r a n s d u c e r h a s b e e n l a r g e l y neg lec t ed wheti f i l t e r s w e r e d e s i g n e d for 
e l e c t r o m a g n e t i c t e s t s y s t e m s . Spec i f ica l ly , c u r r e n t c o m m e r c i a l 
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Fig. III.B.5. The Calculated Spectrum of the Spatial Response 
Function Shown in Fig. III.B.4 

e l e c t r o m a g n e t i c t e s t gea r s y s t e m s suffer , with p r a c t i c a l l y no e x c e p t i o n s , 
f rom one of the following fau l t s . (1) No f i l te r ing e x i s t s . Th i s c a u s e s the 
t e s t s y s t e m to be too sens i t i ve to l ow- f r equency s o u r c e s of n o i s e , for 
i n s t ance , t u b e - r e d u c e r m a r k s in j acke t tubing. (2) A n a r r o w b a n d p a s s 
f i l ter is u sed to r e m o v e p r a c t i c a l l y al l of the l o w - f r e q u e n c y r e s p o n s e of 
the s y s t e m - - t h a t por t ion of the s p e c t r u m below p e r h a p s 160 r a d / i n . wi th 
r e f e r e n c e to F ig . I I I .B.5 . This type of f i l ter e l i m i n a t e s a g r e a t dea l of 
the no i se , but at the r i s k of low sens i t i v i t y to long defec t s wi th g r a d u a l 
beginnings and ends , as for e x a m p l e , a long c r a c k in a j a c k e t tube . A 
n a r r o w bandpass f i l ter a l so m a k e s the s y s t e m h y p e r s e n s i t i v e to v e r y 
s h o r t defects such as s m a l l p i t s , s c r a t c h e s , and i n c l u s i o n s . (3) A dif­
fe ren t ia l t r a n s d u c e r is used . This c r e a t e s a z e r o a t z e r o f r equency , 
and m a k e s the r e m a i n d e r of the t r a n s d u c e r s p e c t r u m so c o m p l i c a t e d that 
i n t e r p r e t a t i o n of defect s igna l s b e c o m e s v e r y difficult . 

The r e s p o n s e of a t r a n s d u c e r can be b r o a d b a n d e d 
within l imi t s by designing a f i l ter c o m p l e m e n t a r y to the s p e c t r u m t r a n s f e r 
function of the t r a n s d u c e r . An e x a m p l e of the s p e c t r u m of a t r a n s d u c e r -
broadbanding c o m p l e m e n t a r y f i l ter is shown in F ig . I I I .B .6 , in wh ich only 
the ampl i tude is plot ted. The phase c h a r a c t e r i s t i c of the f i l te r m u s t a l s o 
be cons ide red . A f i l ter t ru ly c o m p l e m e n t a r y to F ig . I I I .B.5 would r e q u i r e 
infinite gain at infinite f requency . As a p r a c t i c a l m a t t e r , the gain of the 
c o m p l e m e n t a r y f i l ter m u s t eventua l ly d e c r e a s e wi th i n c r e a s i n g f requency 
because of s tabi l i ty c o n s i d e r a t i o n s and the n e c e s s i t y of p r e s e r v i n g a 
r ea sonab l e s i g n a l - t o - n o i s e r a t i o of the s y s t e m . 

The effect of th is l e s s - t h a n - o p t i m u m f i l t e r of 
F ig . III .B.6, as a tube is s canned , is shown in F ig . I I I .B .7 . I d e n t i c a l 
ove ra l l s y s t e m gain at z e r o f requency was used for both r e c o r d i n g s . 
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The a m p l i t u d e of the r e s p o n s e of the s y s t e m to the m o d e r a t e l y s h o r t 
de fec t is i n c r e a s e d by a l m o s t a f a c t o r of two wi th f i l t e r i n g , but m o r e 
i m p o r t a n t l y , a m p l i t u d e is not i n c r e a s e d beyond the r e s p o n s e that would 
be p r o d u c e d by a de fec t wi th the s a m e dep th , but a v e r y long length . 

Fig. III.B.6. The Absolute Magnitude of the Spectral Reiponse of a 
Transducer-broadbanding Complementary Filter. The 
abscissa shows frequency in hertz, and the ordinate is 
filter gain normalized to the zero frequency value. 
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Fig, III.B.7. Recordings Shovsdng the Effect of the Filter of Fig. in.B.6 at a Scanning 
Speed of 1.27 cm/sec. The signal marked by an arrow was produced 
by a longitudinal electromachined notch on the inner surface of a 
Type 304 stainless steel tube. (Relevant dimensions are tube OD: 
7.63 mm; wall thickness: 0.382 mm; notch length: 1.7 mm; width: 
0.127 mm: depth: 0.038 mm.) 
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Work is underway on the design of better fi l ters than 
the one il lustrated. This is essentially a problem in network synthesis, 
but the design is complicated by the fact that the t ransfer functions of filters 
are available only as data and not in analytic form. An additional complica­
tion is the very low frequencies involved, which make the pract ical rea l iza­
tion of "classically designed" filters difficult. 

(ii) Sodium-bond Test Equipment for the Instrumented 
Subassembly Capsules. Electromagnetic bond-testing equipment is now in 
use for the capsules of the instrumented subassembly. Two dummy capsules 
have been tested in the laboratory, after which the capsules were decanned. 
A comparison between destructive and nondestructive tests showed that non­
wet areas with no associated void could not be detected. This is considered 
normal for an electromagnetic test of sodium bonding. 

Future subassembly capsules will be tested at the site of 
fabrication. Upon completion of fabrication, the furnace will be removed 
and the pulsed electromagnetic test t ransducer will be positioned on the 
furnace to encircle the fuel capsule. The furnace will again be raised to 
heat the capsule above the melting point of the sodium. Final removal of 
the furnace will provide the scanning motion for the pulsed electromagnetic 
transducer. 

A standby transducer will be fabricated to insure the 
continuous readiness of the pulsed electromagnetic equipment. 

5. Engineering Propert ies of Reactor Materials - -Research and 
Development--High Temperature Mechanical Proper t ies of 
Ceramic Fuels 

a. High Temperature Mechanical Proper t ies of Fuel Oxides 
(R. J. Beals) 

Last Reported: ANL-7513, pp. 110-111 (Oct 1968). 

(i) Maximum Fiber Tensile Stress . The effect of s t ra in rate 
upon the maximum fiber tensile s t ress of stoichiometric uranium dioxide 
with a theoretical density of 97% is presently being determined (on the Instron 
testing machine) at a crosshead movement of 0.5 cm/min, which corresponds 
to a strain rate of 3 x 10"^ cm/sec . As shown in Fig. III.B.8, the maximum 
fiber tensile s t ress increased steadily from an average value of 1 369.4 kg/cm^ 
at 500°C to an average peak value of 1695.2 kg/cm^ at 1600°C; at least five 
determinations of maximum s t ress were used in computing each average. 

A comparison of previous data (see ANL-7513, Fig. III.B.9, 
p. 110) with Fig. III.B.8 shows that both the peak value of maximum fiber 
s t ress and the temperature at which the peak occurred have shifted markedly 
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a s the s t r a i n r a t e was i n c r e a s e d by 
two o r d e r s of nnagni tude. At a 
s t r a i n r a t e of 3 x 10"* c m / s e c , peak 
s t r e s s o c c u r r e d a t 1400°C and then 
d e c r e a s e d r a p i d l y . At the p r e s e n t 
s t r a i n r a t e of 3 x 10"^ c m / s e c , the 
m a x i m u m o c c u r s a t ~1600°C; the 
p r e c i s e t e m p e r a t u r e wi l l be d e t e r ­
m i n e d in s u b s e q u e n t t e s t s . 

The i n c r e a s e in to ta l s t r a i n 
is s l igh t a t the r a p i d s t r a i n r a t e . 
T o t a l s t r a i n for the specinnen t e s t e d 
in f o u r - p o i n t c r o s s bending was 
0.00176 c m / c m at 500''C and 

0.00363 c m / c m at 1600°C. Th i s b e h a v i o r a l s o d i f fe r s f rom that of the 
s l o w e r s t r a i n r a t e ( a p p r e c i a b l e to ta l s t r a i n w a s ev ident at 1400°C). 

Fig. III.B.8. The Effect of Temperature on the 
Maximum Fiber Tensile Stress and 
Strain of Stoichiometric UOo 

Ef for t w i l l con t inue to d e t e r m i n e the effect of t e m p e r a t u r e 
on the m a x i m u m f iber t e n s i l e s t r e s s and the to ta l s t r a i n of s t o i c h i o m e t r i c 
u r a n i u m d iox ide . 

(ii) C o m p r e s s i v e C r e e p . Spec i f i ca t ions a r e being a s sennb led 
for e q u i p m e n t n e c e s s a r y to d e t e r m i n e the c o m p r e s s i v e c r e e p of the m i x e d 
oxides of u r a n i u m and p lu ton ium at t e m p e r a t u r e s up to 2500°C in e n v i r o n ­
m e n t s of v a c u u m , i n e r t g a s , and r educ ing g a s . 

(i i i) H i g h - t e m p e r a t u r e S t r e s s Re laxa t ion of UOj 
(J . T. A. R o b e r t s ) ^ 

Not r e p o r t e d p r e v i o u s l y . 

A s tudy of the s t r e s s r e l a x a t i o n of UOj a t high t e m p e r a t u r e s 
has been i n i t i a t e d to p r o v i d e da t a for f u e l - e l e m e n t d e s i g n . In the pa s t , 
s t r e s s - r e l a . x a t i o n m e a s u r e m e n t s w e r e used s u c c e s s f u l l y to s tudy s o m e 
a s p e c t s of the p l a s t i c d e f o r m a t i o n of m e t a l s a t low t e m p e r a t u r e s . • B e c a u s e 
of i t s s i m p l i c i t y , t h i s t echn ique is a d a p t a b l e to the study of p l a s t i c flow 
in c e r a m i c fuel m a t e r i a l s . The o c c u r r e n c e of any d i f f u s i o n - a s s i s t e d 
r e c o v e r y conf l i c t s wi th the b a s i c h y p o t h e s i s that a j , the l o n g - r a n g e i n t e r n a l 
s t r e s s , i s c o n s t a n t d u r i n g r e l a x a t i o n . If, h o w e v e r , m e a s u r e m e n t s a r e 
m a d e o v e r s h o r t t innes b e f o r e r e c o v e r y can s t a r t , then the s a m e p r i n c i p l e s 
u s e d for m e t a l s a t low t e m p e r a t u r e s should hold for c e r a m i c s a t high 
t e m p e r a t u r e s . A p r e l i m i n a r y s tudy of s t o i c h i o m e t r i c UO^ (95% of 
t h e o r e t i c a l d e n s i t y ) w a s u n d e r t a k e n to t e s t the f ea s ib i l i t y of th is a r g u m e n t . 
T e s t s w e r e p e r f o r m e d at 1326 and 1511°C. 

• Feltham. P., Phys. Status Solidi 3, 1340 (1963); Sargent, G. A.. Acta Met. 13. 663 (1965); Feltham. P.. 
and Spears. C. J., Met. Sci. J. 2. 183 (1968). 
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The specimens (fabrication procedure described in the 
Progress Report for September 1968. ANL-7500, p. 102) were deformed 
under conditions of four-point cross bending by using an Instron testing 
machine operated at a crosshead speed of 0.005 cm/min. During the 
load-deflection test the machine was stopped at a predetermined load 
value and the load relaxation measured as a function of time. Relaxations 
under several loads were performed consecutively up to fracture without 
intermediate unloading to zero. 

The s tress relaxation of the machine was determined by 
replacing the tooling with a rigid steel bar and then measuring relaxation 
at various loads and strain rates . Since relaxation was only 0.5 kg at an 
initial load of 100 kg and at crosshead speeds of up to 0.02 cm/min. 
machine relaxation was therefore neglected. 

Typical relaxation curves obtained at 1511°C are plotted 
in Fig. III.B.9. The same data are plotted in Fig. III.B.10 as the s t ress 
relaxation versus a logarithmic function of the time t following the 
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Fig. III.B.9. Relaxation Curves for UO2 
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Fig. III.B.10. Logarithmic Representation 
of Relaxation Curves of 
Fig. III.B.9 

a r r e s t of the Ins t ron c r o s s h e a d . In i t ia l ly , the r e l a x a t i o n is n o n l o g a r i t h m i c , 
but at longer t i m e s the re laxa t ion may be d e s c r i b e d by 

Oo - a = Aa = s logio t. 
(1) 

w h e r e ao is the s t r e s s at s t a r t of r e l a x a t i o n , o is the s t r e s s s o m e t i m e 
the rea f t e r , and s is the s lope of the l i n e a r po r t i on of the c u r v e . C l e a r l y 
Eq. ( l ) m u s t be modified to d e s c r i b e the n o n l i n e a r r e l a t i o n a t s h o r t t i m e s - ' 
thus . 

Ao = s logio (t + t*), 
(2) 
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where t* may be regarded as a pa ramete r defining the initial shape of the 
curve. Since the initial condition that the curve pass through the origin is 
not satisfied unless t* = 1, a further modification is necessary: 

Ao = s logio (t + t*) + c, (3) 

where c is a constant equal to -s logio t*- Then by rewriting Eq. (3), 

Ao = s logio (1 + t / t* ) . (4) 

Equation (4) is identical to the equation used to describe s t r e s s relaxation 
in metals at low tempera tures .^ The slope s {bi\a/h log,o t) is the strain 
rate sensitivity, and t* is the relaxation t ime. 

Table III.B.2 lists values of s and t* for the two tempera­
tures , obtained from a l eas t - square regress ion analysis, applied to the linear 
part of the curves . Figure III.B. II shows that there is a linear relation be­
tween s and the initial s t r e s s OQ, and that s is higher at the higher tempera­
ture. This behavior is in good agreement with that observed for metals . No 
clear relation was found between t* and OQ, but an increase in temperature 
caused a large reduction in t*, as shown in Table III.B.2. 

TABLE III.B.2. Relaxation Data for UOj 
at Two Temperatures 

Initial 
S t ress 

1326''C 1511°C 

Oo (kg/cm^) s (kg/cm^) t* (sec) 

161.8 
323.6 
485.4 
647.2 
775 276.6 143.4 
809 
970.8 

1132.6 
1162.5 417.4 140.5 
1504.2 - - 700.3 31.44 
1550 687.2 156.1 
1937.5 875.95 178.74 

s ( k g / c m ' ) 

81 .8 

149.6 
292 .5 
329 .2 

396 .2 

4 6 9 . 6 
534 .8 

t * (sec) 

44 .8 
37.8 
88 .1 
4 8 . 2 

45 
40 .5 
35.7 

••• Feltham, P., Phys. Status Solidi 1, 1340 (1963): Sargent, G. A., Acta Met. i 3 . 663(1965): Feltham. P.. 
and Spears. C. J.. Met. Sci. J. 2, 183 (1968). 
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Fig. III.B.11 

Strain-rate Sensitivity vs Applied Stress 

S t r e s s r e l axa t ion is now being m e a s u r e d at o the r t e m p e r a ­
t u r e s to d e t e r m i n e the r ange over which this l o g a r i t h m i c r e l a x a t i o n h o l d s . 
This data should enable one to ca l cu l a t e ac t i va t ion e n e r g i e s and v o l u m e s 
for the yielding and flow p r o c e s s e s . In o r d e r to d e t e r m i n e w h e n r e c o v e r y 
beg ins , and to s tudy the r e c o v e r y p r o c e s s , r e l a x a t i o n should be m e a s u r e d 
over a longer pe r iod of t i m e . 

C. Eng inee r ing Deve lopment 

1. R e s e a r c h and Deve lopment 

a. I n s t r u m e n t a t i o n and Con t ro l 

(i) Boiling De tec to r (T. T. A n d e r s o n ) 

Las t Repor ted : ANL-7500 . pp. 104-105 (Sept 1968). 

(a) Acous t ic Method 

(1) H i g h - t e m p e r a t u r e De t ec to r D e v e l o p m e n t 
(T. T. A n d e r s o n and R. H. Se ine r ) 

Bonding the l i th ium nioba te c e r a m i c c r y s t a l to 
Types 304 and 304L s t a i n l e s s s t ee l con t inues to be a m a j o r p r o b l e m in 
the fabr ica t ion of a h i g h - t e m p e r a t u r e a c o u s t i c s e n s o r . The p r e s e n t 
c e r a m i c - t o - m e t a l bonding method is p e r f o r m e d in two s t e p s . In the f i r s t 
s tep , p l a t i n u m - p a l l a d i u m - g o l d p a s t e e l e c t r o d e s a r e a i r - f i r e d to the l i t h ium 
niobate c r y s t a l . In the second s tep , the e l e c t r o d e d c r y s t a l is v a c u u m -
b r a z e d to a m e t a l su r face of Type 304 or 304L s t a i n l e s s s t e e l . The b r a z e 
m a t e r i a l for r e c e n t t e s t s has been a h i g h - p u r i t y eu tec to id a l loy of gold 
and nickel . C e r a m i c - t o - m e t a l bonds m a d e by th i s me thod have had s h e a r 
s t r e n g t h s va ry ing f rom m o d e r a t e to poor when c o m p a r e d to t e a r s t r e n g t h 
of the e l ec t roded fi lm. During the h i g h - t e m p e r a t u r e b r a z i n g , u n p r o t e c t e d 
su r f aces of the l i th ium niobate b e c o m e opaque; th is p h e n o m e n o n m a y be 
due to m i g r a t i o n and loss of oxygen at high t e m p e r a t u r e . • 

Personal communication from G. M. Loiacono, Isomer Corp., Palisades Park, N. J. 
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A s tudy of a l t e r n a t i v e s of d e s i g n and f a b r i c a t i o n 
of h i g h - t e m p e r a t u r e a c o u s t i c s e n s o r s h a s b e e n i n i t i a t e d . A f i r s t ob jec t ive 
of t h i s s tudy is to r e d u c e the m e c h a n i c a l s t r e s s e s a t the c e r a m i c - t o - m e t a l 
i n t e r f a c e . S t r e s s e s t r a n s m i t t e d f r o m the s e n s o r body to the c r y s t a l can be 
r e d u c e d t h r o u g h u s e of a d i a p h r a g m c i r c u l a r l y c o r r u g a t e d b e t w e e n the 
c r y s t a l and the body; j i g s have been m a d e and f rom t h e m e x p e r i m e n t a l 
d i a p h r a g m s have b e e n p r o d u c e d . S i l v e r - c o p p e r b r a z e a l l oys a r e being 
i n v e s t i g a t e d to ob ta in duc t i l e l o w e r - t e m p e r a t u r e b r a z e d j o i n t s . It is hoped 
that u s e of t h e s e a l l o y s wi l l r e d u c e oxygen l o s s f r o m the l i t h ium n ioba t e . 

A s e c o n d ob j ec t i ve of the s tudy is to eva lua t e the 
e f f e c t i v e n e s s of h i g h - b o n d - e n e r g y c e r a m i c - t o - m e t a l bonding m e t h o d s , such 
a s (1) p l a s m a s p r a y i n g , f l ame s p r a y i n g , o r r.f. s p u t t e r i n g of e l e c t r o d e 
m a t e r i a l s , and (2) o n e - s t e p a c t i v e - m e t a l c e r a m i c - t o - m e t a l bonding. 

(2) Sound M e a s u r e m e n t s in E B R - I I 
(T . T. A n d e r s o n and B. B. Sp i l l ane) 

A r e p o r t ^ has been p r e s e n t e d on r a d i a l r e s o n a n c e s 
of c y l i n d e r s : ( I ) a s the r e s o n a n c e s affect the a c o u s t i c s p e c t r a g e n e r a t e d by 
bo i l ing , and (2) a s c y l i n d r i c a l g e o m e t r i e s wi th in the E B R - I I r e a c t o r migh t 
affect sound t r a n s m i s s i o n f r o m the c o r e r e g i o n . 

The sound and v i b r a t i o n l eve l s a r o u n d o p e r a t i n g 
p o w e r r e a c t o r s n e e d to be m e a s u r e d to d e t e r m i n e s i g n a l - t o - n o i s e effects 
on a c o u s t i c bo i l i ng d e t e c t i o n . F o r that p u r p o s e , a t e s t p r o g r a m h a s b e e n 
e s t a b l i s h e d to m o n i t o r the E B R - I I r e a c t o r s y s t e m . A c o u s t i c and v i b r a t i o n 
m o n i t o r i n g wi l l be p e r f o r m e d at the r e a c t o r , o p e r a t i n g - f l o o r l eve l on s t r u c ­
t u r a l m e m b e r s tha t e x t e n d into the p r i m a r y tank and t hence onto or into the 
r e a c t o r v e s s e l . T e s t p r o c e d u r e s have been f o r m u l a t e d , and the n e c e s s a r y 
e q u i p m e n t h a s b e e n s h i p p e d to the r e a c t o r s i t e . 

To s u p p o r t the m o n i t o r i n g of the r e a c t o r , an 
o u t - o f - p i l e t e s t p r o g r a m is m e a s u r i n g the sound l eve l f rom boi l ing s o d i u m 
in a s innu la ted r e a c t o r env i ronnnen t . A h igh- f lux h e a t e r i s be ing i n c o r p o r a t e d 
into a t e s t r i g to d e t e r m i n e i t s e f f e c t i v e n e s s for boi l ing s o d i u m . 

b . E n g i n e e r i n g M e c h a n i c s 

(i) S t r u c t u r a l D y n a m i c s S t u d i e s - - P a r a l l e l - f l o w - i n d u c e d 
V i b r a t i o n s (M. W. W a m b s g a n s s , J r . ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 101-102 (Nov 1968). 

(a) T r a n s d u c e r D e v e l o p m e n t . To a n s w e r the need we h a v e 
iden t i f i ed for a d i s p l a c e m e n t - t r a n s d u c e r a s s e m b l y to m e a s u r e the d i s p l a c e m e n t 

•Anderson. T. T.. and Grate, T. A., Acoustic Boiling Detecnon in Reactor Vessels, presented at the IEEE 
15th Nuclear Science Symposium. Montreal, Canada, October 23-25. 1968. 
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of a tubu la r t e s t s p e c i m e n wi thout d i s tu rb ing the flow field (it a l s o cou ld 
m e a s u r e the d i s p l a c e m e n t of an e l e m e n t wi th in a bundle) , we have been 
developing an e d d y - c u r r e n t - t y p e p r o x i m i t y t r a n s d u c e r . The p ickup coi l 
i s wound on a p l a s t i c capsu le fixed to a t h i n - w a l l e d tube . The t r a n s d u c e r 
tube is mounted c o n c e n t r i c a l l y ins ide the t u b u l a r t e s t s p e c i m e n . Idea l ly , 
the t r a n s d u c e r tube would r e m a i n r ig id and i s o l a t e d f rom the t e s t s p e c i m e n , 
so that the t r a n s d u c e r would m e a s u r e the abso lu te d i s p l a c e m e n t of the 
t e s t s p e c i m e n . 

E a r l y a t t e m p t s to c o n s t r u c t 
such a t r a n s d u c e r a s s e m b l y w e r e 
p lagued by the c l o s e p r o x i m i t y of 
the n a t u r a l f r e q u e n c i e s of the t r a n s ­
duce r tube and t e s t s p e c i m e n ; t h e r e 
was suff ic ient coupl ing a t the s u p ­
p o r t s to exc i t e a r e s o n a n t r e s p o n s e 
of the t r a n s d u c e r tube tha t would 
m a s k a po r t i on of the t e s t - s p e c i m e n 
r e s p o n s e . S a t i s f a c t o r y s e p a r a t i o n 
of the n a t u r a l f r e q u e n c i e s and 
r e d u c e d coupling w e r e a c h i e v e d 
by i m p r o v i n g the moun t ing me thod , 
s e l ec t i ng the c r o s s - s e c t i o n a l p r o p ­
e r t i e s of the tube , and apply ing 
axia l t en s ion to the t r a n s d u c e r tube . 
F i g u r e I I I .C . l shows the t r a n s d u c e r 
and mount ing m e t h o d , a s we l l a s a 
typ ica l s p e c t r a l - d e n s i t y output . The 
l o w e r - f r e q u e n c y r e s p o n s e is the 
d e s i r e d s p e c t r a l dens i ty of the d i s ­
p l a c e m e n t of the t u b u l a r t e s t s p e c i ­
men ; the h i g h e r - f r e q u e n c y r e s p o n s e 

is the unwanted r e s o n a n t r e s p o n s e of the t r a n s d u c e r tube , wh ich now is 
damped and s e p a r a t e d suff icient ly f rom the t e s t - s p e c i m e n r e s p o n s e that 
it safely can be neg lec ted . 

The i n t e rna l l y mounted t r a n s d u c e r s w e r e eva lua t ed 
by compar ing t he i r outputs with outputs f rom c o r r e s p o n d i n g t r a n s d u c e r s 
mounted in the wal l of the t e s t s ec t ion . F i g u r e I I I .C.2 connpares d i s p l a c e m e n t -
t ime h i s t o r i e s . C o r r e l a t i o n s wi th in a few p e r c e n t w e r e a c h i e v e d for r m s 
d i s p l a c e m e n t s over the 5 - 5 0 - f t / s e c r a n g e of flow v e l o c i t i e s t e s t e d . 

Fig. III.C.l. Displacement-transducer 
Assembly and Typical 
Spectral-density Output 

(b) F lowtes t Single C y l i n d e r s . D i s p l a c e m e n t s p e c t r a l 
dens i t i e s for use in evaluat ing the i n t e rna l l y moun ted d i s p l a c e m e n t t r a n s ­
d u c e r s w e r e obtained f rom f lowtes ts on a s ing le c y l i n d e r . RMS d i s p l a c e ­
m e n t s w e r e computed f rom the s p e c t r a l - d e n s i t y c u r v e s and p lo t ted a g a i n s t 
m e a n axia l flow ve loc i ty ; t he se r e s u l t s c o r r e l a t e d v e r y we l l t hose f rom an 
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e a r l i e r s i m i l a r t e s t ( see A N L - 7 5 1 8 . p . 102. F i g . I I I . C . l ) . F o r the m o r e 
r e c e n t t e s t , the t u b u l a r t e s t s p e c i m e n w a s s o l d e r e d to the end s u p p o r t s 
r a t h e r than fixed wi th epoxy. The c o r r e s p o n d i n g r m s d i s p l a c e m e n t s in 
m u t u a l l y o r t h o g o n a l d i r e c t i o n s w e r e a p p r o x i m a t e l y the s a m e in th i s t e s t , 
a l though they d i f fe red f rom r e s u l t s of the e a r l i e r t e s t by a f ac to r of two. 
Th i s i m p l i e s that we a r e ob ta in ing a m o r e i dea l ly c l a m p e d end condi t ion 
by s o l d e r i n g ; t h e o r e t i c a l l y , wi th c l a m p e d - c l a m p e d e n d s , one would expec t 
the r e s p o n s e to be the s a m e in both d i r e c t i o n s . 

Fig. IU.C.2 

Displacement-Time Histories of 
Cylinders during 35-ft/sec Flowtest 
as Indicated by Eddy-current-type 
Proximity Transducers Mounted (A) 
within the Tubular Test Specimen 
and (B) in Wall of Test Section 

20 msec 

(ii) Structural Dynamics Studies--Crossflow-induced 
Vibrations (M. W. Wambsganss, J r . and S. S. Chen) 

Last Reported: ANL-7518, p. 102 (Nov 1968). 
« 

(a) Analysis of Interaction and Tube-spacing Effects 

New task; not reported previously. 

The vibrations of a tube with motion-constraint 
stops have been analyzed for the general cases in which the tube can have 
any end conditions and the stops can be located at any section of the tube 
and with unsymmetric clearance. The motion is expressed in two states: 
motion between the stops and motion in contact with the stops. Because 
the motion is linear within each state, the response of the tube can be 
found by s tep-by-step analysis. However, if the local deformation at the 
contact a rea is included in the theory, it will be necessary to solve a 
nonlinear integral equation, which increases the complexity of the 
theoretical solution. 

As a first approximation, the local defornnation is 
neglected. By the conventional normal-mode approach, the free-vibration 
problem does not exhibit any special difficulty. Unfortunately, it is still 
very tedious to find the steady response of forced vibration. To understand 
the nonlinear behavior of the system, a one-mode approximation is employed 
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for the forced-vibration study. Under such an assumption, the problem is 
reduced to a bilinear system with a piecewise linear forcing function. Then 
the steady-state response is obtained by the method of van der Pol and 
Krylov-Bogoliubov.^ 

As an example, the steady-state response due to a 
uniformly distributed load, F cos tot, of a simply supported tube with 
symmetric stops at midspan is shown in Fig. III.C.3, where Cl = 
(m/El)'/^aji^, R = FJI^/EI, e = d/Zi, fi, = TT̂  = nondimensional frequency 
of a simply supported tube, D.i = 6.25TT^ = nondimensional frequency of 
a two-span continuous tube with simply supported ends, EI = flexural 
rigidity of the tube, m = mass per unit length of the tube, o) = frequency of 
the forcing function, i - length of the tube, 6 = clearance of the stops, and 
t, = damping ratio. The deflection of the tube is characterized by the ampli­
tude q/e . When the amplitude R/e of the forcing function is small , the r e ­
sponse is in the range - I s q/e £ I, which is the same as that of a simply 
supported tube without stops. When R / E is very large, the response is like 
a two-span continuous tube. For an intermediate value of amplitude R / C . 
the response possesses the jump phenomenon that occurs when the driving 

20 30 40 50 

Nondlniansional FofClnB Fraqwncy, i l 

Fig. III.C.3. Amplitude Response Curves of a Simple Supported 
Tube for a Damping Ratio of 0.1 

•Bogoliubov, N. N.. and Mitropolsky, Y. A., Asymptotic Methods in the Theory of Non-linear Oscillations 
Gordon and Breach Science Publishers, N. Y., N. Y. (1961). ' ' 
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f r e q u e n c y is in the r a n g e f̂ , £ fi £ fl,. T h i s i s i l l u s t r a t e d in F ig . III .C.4 
w h e r e the a m p l i t u d e follows the c u r v e ABC, then j u m p s down to E, and then 
on to F as the forc ing f r e q u e n c y is i n c r e a s e d . C o n v e r s e l y , when the forc ing 
f r e q u e n c y is d e c r e a s e d s lowly , the j u m p o c c u r s at D. 

15 
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Fig. III.C.4. Phase Response Curve of a Simply Supported Tube for 
R/E = 50 and a Damping Ratio of 0.1 

B e c a u s e the s t r e s s e s and the i m p a c t a r e r e l a t e d to 
the s e c o n d and t h i r d d e r i v a t i v e s of the d i s p l a c e m e n t , m o r e m o d e s m u s t 
be inc luded . Work has go t ten unde rway to find the s t r e s s e s and i m p a c t 
by r e f ined a n a l y s i s and to i n v e s t i g a t e the effect of loca l d e f o r m a t i o n . 

D. C h e m i s t r y and C h e m i c a l S e p a r a t i o n s 

1. Aqueous and Vola t i l i ty P r o c e s s e s - - R e s e a r c h and D e v e l o p m e n t - -
F l u o r i d e Vola t i l i ty P r o c e s s 

a. E n g i n e e r i n g - s c a l e Deve lopmen t for F B R F u e l s (N. M. Lev i t z ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 106-107 (Nov 1968). 

(i) C o n t i n u o u s - f e e d , T w o - s t a g e F l u i d - b e d R e a c t o r . S l ab -
s h a p e d f lu id -bed r e a c t o r s of 4 - i n . t h i c k n e s s a r e being c o n s i d e r e d for the 
c o n t i n u o u s f luo r ina t ion of p o w d e r e d fast r e a c t o r fuel m a t e r i a l . S tud ies a r e 



currently being conducted in a mocked-up 4- in . -square section of a two-
stage reactor . The bottom of each 36-in.-high stage has the shape of an 
inverted pyramid, 7-in. deep, with an orifice at the apex. The part iculate 
solids (48-100 mesh alumina) are fed into the fluidized bed in the upper 
stage; the solids flow downward through the orifice of the upper stage, 
through the freeboard region of the lower stage, and into the lower fluidized 
bed, exiting near the base of the lower stage. The process design part icle 
flowrate is 30 lb/(hr)(ft^). The fluidizing gas (air) enters through the lower 
orifice and passes through both stages countercurrently to the solids. 

Tests were made to determine the degree of control of 
particle flowrate obtainable at various gas velocities with 1-in.-, 3 /4- in . - , 
and l /2- in . -d ia orifices in the upper section of the reactor . Tests were 
also made to determine the degree to which solids flowrate could be con­
trolled by the use of a variable-position plug inserted above a 1-in.-dia 
orifice of the upper section of the reactor. 

In tests with the plug absent and with gas velocities of 
0 to 1.45 ft /sec, the solids flowrate ranged from 9000 to 310 lb/(hr)(ft^) 
for a 1-in. orifice and from 4000 to 56 lb/(hr)(ft^) for a 3/4-in. orifice; 
for a l /2- in . orifice and a gas velocity of 0 to 1.05 f t /sec, the solids flow-
rate was 3900 to 10 lb/(hr)(ft^). For a gas velocity of 1.4 ft /sec and using 
a truncated pyramid-shaped plug located above a 1-in.-dia orifice, the 
lowest particle flowrate, 85 lb/(hr)(ft ), was obtained with the plug l / 4 in, 
above the seated position. Although this particle flowrate is too high for 
process use, good control of particle flowrates near the desired rate of 
30 lb/(hr)(ft^) can be achieved by the use of a plug above a l /2 - in . orifice 
along with variation of the gas velocity. 

b. Engineering Design. Analysis and Evaluation (N. M. Levitz) 

Last Reported: ANL-7518, pp. 107-110 (Nov 1968). 

Conceptual design studies of a large fluoride volatility plant for 
processing FBR fuels are in progress . A report on the conceptual process 
is in preparation. It includes a process flowsheet, an engineering flowsheet, 
a conceptual plant design and equipment layout, and a discussion of those 
areas that need further work. 

2. Closed Cycle Processes - -Research and Development--Compact 
Pyrochemical Processes 

a. Process Engineering Studies (R. D. Pierce) 

Last Reported: ANL-7518, p. U l (Nov 1968). 

Various materials are being tested to evaluate their suitability 
for use in pyrochemical-processing equipment. A graphite crucible coated 
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wi th v a p o r - d e p o s i t e d t u n g s t e n ( s ee P r o g r e s s R e p o r t for J u n e 1968, 
A N L - 7 4 6 0 , p . 115) w a s c h a r g e d wi th z inc and a CaCl2 -20 m / o CaF^ s a l t 
m i x t u r e , and h e a t e d for 48 h r a t 800°C. The m o l t e n z i n c - s a l t s y s t e m 
w a s c o n t a i n e d s u c c e s s f u l l y , and no c r a c k s w e r e v i s i b l e in the c r u c i b l e 
w a l l a f t e r the m e l t had been p o u r e d and the c r u c i b l e had coo led to r o o m 
t e m p e r a t u r e . T h i s c r u c i b l e wi l l be t e s t e d next wi th a M g - 4 4 a / o Cu a l loy 
and a C a C l ^ - C a F z s a l t p h a s e . 

Two 1 0 0 - h r t e s t s w e r e p e r f o r m e d to e v a l u a t e the c o r r o s i o n 
r e s i s t a n c e of a Nb-1 w / o Z r a l loy t o w a r d a M g - 4 3 . 7 a / o C u - 0 . 1 7 a / o 
U / M g C l 2 - 3 0 m / o N a C l - 2 0 m / o KCl s y s t e m at 700°C. Coupons of the 
n iob ium a l loy w e r e m o u n t e d a t v a r i o u s p o s i t i o n s on an a g i t a t o r shaft so 
that a coupon w a s in the m e t a l p h a s e , a t the m e t a l - s a l t i n t e r f a c e , in the 
s a l t p h a s e , and in the v a p o r p h a s e . At the end of the t e s t , a s l igh t i n c r e a s e 
in h a r d n e s s of a l l of the coupons w a s noted , and t hose that had been e x p o s e d 
to the s a l t and v a p o r p h a s e s w e r e s o m e w h a t r o u g h e n e d . The coupons a r e 
be ing e x a m i n e d m e t a l l o g r a p h i c a l l y . 

The u s e of b r a z i n g to jo in t u n g s t e n s h e e t i s being i n v e s t i g a t e d 
a s a m e a n s of f a b r i c a t i n g e q u i p m e n t for p y r o c h e m i c a l p r o c e s s e s . S a m p l e s 
of b r a z e d t u n g s t e n s h e e t w e r e e x p o s e d to a z i n c / M g C l j - S O m / o N a C l - 2 0 nn/o 
KCl s y s t e m for 48 h r a t 800°C. S o m e of the s a m p l e s had been hea t t r e a t e d 
a f t e r b r a z i n g to a l low the b r a z i n g a l loy^ to diffuse into the t ungs t en . N e i t h e r 
type of s a m p l e a p p e a r e d to h a v e r e a c t e d wi th the z inc . After the spec innens 
had b e e n c l e a n e d , they showed a m a x i m u m we igh t ga in of 0.77%. P r e l i m i n a r y 
m e t a l l o g r a p h i c e x a m i n a t i o n of s a m p l e s that had been cut f rom the t e s t 
s p e c i m e n s showed v e r y l i t t l e , if any , a t t a c k on the b r a z e at the e x p o s e d edge 
of the t u n g s t e n , and it w a s ev iden t t ha t the he^ t t r e a t m e n t had been effect ive 
in diffusing the b r a z i n g m a t e r i a l into the t u n g s t e n . 

b . E x p e r i m e n t a l F l o w s h e e t I n v e s t i g a t i o n s (R. D. P i e r c e ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp . 111-112 (Nov 1968). 

W o r k i s con t inu ing on the d e s i g n and c o n s t r u c t i o n of the P l u t o n i u m 
Sal t T r a n s p o r t F a c i l i t y ( s ee P r o g r e s s R e p o r t for S e p t e m b e r 1968, A N L - 7 5 0 0 . 
p . 115). P i p i n g of the h e l i u m - p u r i f i c a t i o n s y s t e m s for boxes 2 and 3 is n e a r l y 
c o m p l e t e , and h e l i u m l e a k t e s t i n g is u n d e r w a y . The d u c t w o r k for the r e ­
f r i g e r a t i o n s y s t e m in box 3 h a s been f a b r i c a t e d and is be ing i n s t a l l e d . Work 
h a s b e e n s t a r t e d on the v e n t i l a t i o n s y s t e m in box 3. An e n c l o s u r e is be ing 
c o n s t r u c t e d to h o u s e v a c u u m p u m p s and o t h e r a u x i l i a r y e q u i p m e n t a s s o c i a t e d 
wi th box 3 . The top f l anges for the t h r e e m a i n p r o c e s s i n g v e s s e l s in box 3 
a r e be ing f a b r i c a t e d . T h e s e f l anges c o n t a i n a g i t a t o r b e a r i n g s , s a m p l e p o r t s , 
and t r a n s f e r l ine and t h e r m o c o u p l e f e e d - t h r o u g h s . The f l anges a r e s c h e d u l e d 
for c o m p l e t i o n by the end of D e c e m b e r . 

*fcoast Metals #60. Coast Metals Co., Little Ferry, New Jersey; nominal composition: 22.7 a/o Si, 
18.3 a/o Cr. 3.65 a/o Fe. balance Ni. 
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Draft ing w o r k was comple t ed on the p r o c e s s piping s y s t e m for 
box 3; p r o c u r e m e n t of va lves for this s y s t e m is n e a r l y c o m p l e t e . Hea t ing 
co i l s to p rov ide a cons tan t hea t load for the r e f r i g e r a t i o n s y s t e r n s m 
boxes 2 and 3 have been des igned and a r e being f a b r i c a t e d . Draf t ing w o r k 
is unde rway on the p r o c e s s - p r e s s u r e con t ro l s y s t e m for box 3. 

The w a t e r t anks , t r a n s f e r pump, and two w a t e r c h i l l e r s for the 
n e g a t i v e - p r e s s u r e w a t e r - c o o l i n g s y s t e m for box 2 have been r e c e i v e d , and 
a table for a cutoff whee l to be loca ted in box 10 has been c o m p l e t e d . 

c. Liquid Me ta l -Mol t en Salt C o n t a c t o r s (R. D. P i e r c e ) 

Las t Repor ted : ANL-7518 , pp. 112-113 (Nov 1968). 

Tes t i ng of the s o l i d - r o t o r ag i t a to r pump ( see A N L - 7 5 1 8 ) wi th 
a Mg-42 a / o Cu al loy has been comple t ed . The pump a s s e m b l y w a s he ld 
at 670°C, and the pump was o p e r a t e d for a total of 55 h r at v a r i o u s s p e e d s 
and s u b m e r g e n c e l eve l s . The output of the pump was m e a s u r e d at s u b ­
m e r g e n c e s ranging from 0.96 to 2.35 in. and at s p e e d s f rom 850 to 1050 r p m . 
The data obtained in these t e s t s a r e in good a g r e e m e n t wi th da ta ob ta ined 
p r e v i o u s l y with a w a t e r - a c e t y l e n e t e t r a b r o m i d e m i x t u r e . Th i s a g r e e m e n t 
ind ica ted that these h i g h - t e m p e r a t u r e pumps and t he i r a s s o c i a t e d c o m p o n e n t s 
can be c a l i b r a t e d at low t e m p e r a t u r e s with a q u e o u s - o r g a n i c s y s t e m s . 

d. Decladding and Fuel R e s y n t h e s i s (R. D. P i e r c e ) 

Las t Repor ted : ANL-7500, pp. 117-118 (Sept 1968). 

The object ive of the f u e l - r e s y n t h e s i s s t ud i e s is to i n v e s t i g a t e 
p o s s i b l e me thods for r e s y n t h e s i z i n g oxide fuel f rom the m e t a l l i c p l u t o n i u m 
and u r a n i u m p roduc t s of a p y r o c h e m i c a l p r o c e s s . The r e a c t i o n of u r a n i u m 
m e t a l with CO2 has been r e p o r t e d to fo rm UO2 as the p r i n c i p a l p r o d u c t wi th 
a c a r b o n content of 0.1 •w/o.* Although the r a t e of r e a c t i o n of CO2 wi th 
u r a n i u m m e t a l is r e l a t i ve ly low. the r a t e can be i n c r e a s e d by h y d r i d i n g the 
m e t a l to fo rm a finely divided powder . 

P r e l i m i n a r y s tud ies of the u r a n i u m - C O i r e a c t i o n w e r e conduc t ed 
in a 1-2-in.-dia f luidized bed. The feed m a t e r i a l was h y d r i d e d u r a n i u m in 
the fo rm of a fine powder . A H2-CO2 m i x t u r e was u s e d a s the f lu idiz ing g a s . 
and the effluent gas was ana lyzed for CO2. CO, and CH4 by m e a n s of a 
p r o c e s s - g a s c h r o m a t o g r a p h . Seven e x p e r i m e n t s w e r e p e r f o r m e d at s e v e r a l 
d i f ferent t e m p e r a t u r e s ranging f rom 400 to 740°C. The s u p e r f i c i a l v e l o c i t y 
of the fluidizing gas (H2-9 or 18 v / o CO2 at 2 a t m p r e s s u r e ) w a s 15 c m / s e c . 

These p r e l i m i n a r y r e s u l t s ind ica te that the CO2-H2 r e a c t i o n 
can be used in a f luidized bed to r e s y n t h e s i z e oxide fuels f r o m the m e t a l l i c 

•stobbs, J. J., J. Electrochem. Soc. n2, 916 (1965). 
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products of a pyrochemical p rocess . However, further investigations are 
needed to select process conditions that will minimize carbon contannination 
of the product, which ranged from 0.3 to 1.5 w/o in these experiments . 

3. General Chemistry and Chemical Engineer ing- -Research and 
Development 

a. Studies on the Formation and Stabilization of Carbon-bearing 
Dispersions in Sodium (F. A. Cafasso) 

Last Reported: ANL-7500, p. 118 (Sept 1968). 

Attempts a re being made to prepare stable, wel l -character ized 
dispersions of carbon-bearing mater ia l s in sodium. These dispersions will 
be used to determine whether part iculates play a role in the t ransport of 
carbon through sodium, e.g., in the carburization of austenitic s teels . 

It was reported previously (see ANL-7500) that, under an ul t ra­
sonic field, dispersion of up to 1 w/o Carbolac I* (a 90-A carbon black) in 
eutectic NaK (a liquid at room temperature) was possible. The dispersions, 
however, have been shown to be unstable upon dilution. Effort is now being 
concentrated on producing stable dispersions in liquid sodium at temperatures 
above 400°C. A controUed-atmosphere furnace with capability for ultrasonic 
t reatment and sampling of liquids at temperature^^ has been assennbled. In 
a pre l iminary experiment with this device, a small quantity of Carbolac 1 
was slowly heated in sodium to 800°C under ultrasonic irradiation. Analyses 
of various samples of the liquid showed that dispersion was not achieved. 
Alternative methods of introducing carbon intp sodium are being investigated, 
in par t icular , by surface graphitization of ferri t ic steel and the cracking of 
organic mate r ia l such as tetral in. 

b. D e t e r m i n a t i o n of the Solubi l i ty of H e l i u m in Sodium 
( F . A. C a f a s s o ) 

L a s t R e p o r t e d : A N L - 7 5 0 0 . p . 118 (Sept 1968). 

S ince h e l i u m is a p o t e n t i a l c o v e r gas for s o d i u m in fas t b r e e d e r 
r e a c t o r s , i ts so lub i l i t y in s o d i u m is be ing m e a s u r e d . I n f o r m a t i o n on the 
t e m p e r a t u r e and p r e s s u r e d e p e n d e n c e of the so lub i l i ty i s needed to d e t e r m i n e 
w h e t h e r o r not p r o b l e m s of gas t r a n s f e r and c a v i t a t i o n m a y a c c o m p a n y 
i t s u s e . 

•Cabot Corp., Boston, Mass. 
**Bromberg, M. L., Thomas, J. G.. and Tarpley. W., Ultrasonically Produced Dispersions of Thorium 

Bismuthide In Molten Bismuth. NYC 7924 (March 1958); Bromberg, M. L., and Tarpley, W. B.. 
Feasibility Study on Ultrasonic Dispersion of Uranium Dioxide in Molten Metals, NYC 7929 (May 1958). 
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An exis t ing solubi l i ty a p p a r a t u s has been modif ied for th is 
p u r p o s e . The solubi l i ty wil l be m e a s u r e d by s a t u r a t i n g r e a c t o r - g r a d e 
sod ium at a p r e s e l e c t e d t e m p e r a t u r e with he l i um, s t r i p p i n g the d i s s o l v e d 
he l i um from the sodium with a rgon , s e p a r a t i n g the a r g o n f rom the h e l i u m 
by t rapping the f o r m e r on l i q u i d - n i t r o g e n - c o o l e d m o l e c u l a r s i e v e s , c o l ­
lect ing the he l ium, and analyzing it m a s s s p e c t r o m e t r i c a l l y . The so lub i l i ty 
of he l ium is expected to be so low that the he l i um c o n c e n t r a t i o n in the a r g o n 
s p a r g e gas is an t ic ipa ted to be only 1 ppm. To gain a n a l y t i c a l s e n s i t i v i t y , 
the he l ium used for s a tu r a t i ng the sod ium has been e n r i c h e d î n the un­
c o m m o n isotpe ^He. The r e c o v e r a b i l i t y of known a m o u n t s of He i n t r o d u c e d 
into the s t r ipp ing sec t ion is c u r r e n t l y being t e s t e d , and if the p r o c e d u r e 
p r o v e s r e l i a b l e , the solubil i ty m e a s u r e m e n t s wi l l follow. 

c. P r e p a r a t i o n of Nuc lea r M a t e r i a l s (P . A. Ne lson) 

Las t Repor ted : ANL-7500, pp. 119-120 (Sept 1968). 

A 25-kW, induct ively hea ted p l a s m a t o r c h has been i n s t a l l e d for 
studying a continuous p r o c e s s for p roduc ing UC f rom u r a n i u m o x i d e s . A 
s c h e m a t i c d i a g r a m of the ins ta l l ed equ ipment is shown in F ig . I I I . D . l . 
Smal l , a g g l o m e r a t e d p a r t i c l e s (~100 m e s h ) of UO2 and c a r b o n wi l l be hea t ed 
above the mel t ing point of the UC p roduc t by p a s s i n g the p a r t i c l e s con­
c u r r e n t l y through the p l a s m a - f l a m e (argon or he l i um, p o s s i b l y wi th a 
s m a l l amount of hydrogen or n i t rogen) . The r e a c t i o n should take p l a c e v e r y 
rap id ly , and it is expec ted that the p roduc t wi l l be s p h e r i c a l l y s h a p e d p a r ­
t i c l e s . The p roduc t p a r t i c l e s wi l l have sol idif ied p r i o r to s t r i k i n g the w a l l s 
or bot tom of the w a t e r - c o o l e d r eac t i on c h a m b e r . The CO p r o d u c e d by the 
r eac t i on wil l be r e m o v e d f rom the r e a c t i o n c h a m b e r along wi th the i n e r t 
p l a s m a - f o r m i n g g a s . This p l a s m a - t o r c h p r o c e s s should be capab le of con­
tinuous produc t ion of UC in the faci l i ty being c o n s t r u c t e d , and the p r o c e s s 
is expected to be appl icab le to the cont inuous p roduc t ion of (U,Pu)C if the 
equipment is ins ta l l ed in an a lpha - t i gh t e n c l o s u r e . 

A safety r ev iew of the faci l i ty has been comple t ed , and the 
m a n u f a c t u r e r has provided s t a r t u p a s s i s t a n c e for the p l a s m a - t o r c h equ ip ­
ment . Shakedown t e s t s a r e now in p r o g r e s s . In the in i t i a l e x p e r i m e n t a l 
r uns , a t t emp t s wil l be m a d e to fo rm s p h e r i c a l p a r t i c l e s f rom AI2O3 powder 
which will be used as a s t a n d - i n for the u r a n i u m o x i d e - c a r b o n p a r t i c l e s . 
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IV. NUCLEAR SAFETY 

A. Reactor Kinetics--Other Reactor Kine t ics - -Research and Developnnent 

1. Reactor Control and Stability 

a. Transfer Function Techniques to Measure Large Fast 
Reactor StabiUty (L. Habegger) 

Last Reported: ANL-7518, p. 119 (Nov 1968). 

(i) Spatial Effect. The methodology for analysis of space-
dependent t ransfer functions in large fast reactors has been extended to 
systems whose mathematical description has equations of the form 

^ ) . a T ( z , t ) + b ^ . 0 ( z , t ) ; 

T(o.t) = ^ ^ . 0. (1) 
dz 

coupled to diffusion equations for 0(z,t). Equations of the form of Eq. (I) 
a re used to descr ibe tempera ture distributions of coolants flowing along the 
z-axis and having volumetric heat sources with distribution 0(z,t). 

The t ransfer function from the diffusion equation for 0(z.t) 
is to be obtained using a Galerkin procedure in which 0(z.s)^ is approxi­
mated by the modal expansion % 

N 
0(z,s) = Y ak(s)Vk(z). (2) 

k = i 

Thus, it is des i rable to have the solution of Eq. (l) in t e rms of a mode- to-
mode t ransfer function Ti(s)/ak(s), where 

N 
T(z,s) = Y, '^i(s);!'i(z)- (3) 

This mode- to-mode t ransfer function can be obtained by two procedures : 
(a) solve Eq. (1) using the Galerkin procedure with the expansion Eq. (3), or 
(b) s o l v e Eq. ( l ) a n a l y t i c a l l y and expand the r e s u l t in to the f o r m of Eq . (3). 

*A function with argument s represents the Laplace uansform of that function. 
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These two procedures were compared by using values of a, b, and H typical 
of a large LMFBR design. It was assumed that 

Vi(z) = (2/H)" ' sin (iTTz/H), 

where H is the extrapolated core height. 

Method (a) for computing the mode-to-mode transfer func­
tion is more convenient computationally because it allows computation of the 
transfer function of the diffusion equation and Eq. (l) simultaneously by using 
the Galerkin procedure. However, the results from this method, when com­
pared to analytical results , suffer from loss of accuracy at high frequencies 
and in spatial regions close to the boundaries. 

The transfer function from method (b) is 

Ti(s) 
ak{s) m 6ik + : 

± 
H 

0, i + 

ik 
î  - k̂  

. ,k.J-'-"'-p('^") 

Coupling this form of transfer function to the diffusion equation is compu­
tationally difficult because of the exponential term and, to a lesser degree, 
because of the fourth-order denominator. However, it was determined that 
dropping the exponential term has negligible effect. Fur thermore , if the 
entire term within the second set of square brackets is dropped, the accu­
racy will still compare favorably with that of method (a) and the computa­
tional difficulty will be at an acceptable level. Thus method (b) is more 
desirable than straightforward application of the Galerkin procedure as in 
method (a). 

2. Coolant Dynamics 

a. Coolant Dynamics (R. M. Singer and R. E. Holtz) 

Last Reported: ANL-7518, pp. 120-121 (Nov 1968). 

(i) Sodium Superheat Experiments. The incipient boiling tests 
conducted out-of-pile have indicated that an increase in the oxide content of 
the sodium slightly decreases the superheat. All the pool boiling data are 
being reviewed, and a topical report is being prepared to summarize that 
work. 

The theoretical study of the effects of inert gas on incipient 
pool boiling has revealed several interesting features of the phenomena. 
One of the results is the ability to predict either an increase or decrease 
of the incipient boiling superheat as the heat flux is increased, depending 
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on the e x a c t s e q u e n c e of even t s b e t w e e n e x p e r i m e n t a l r u n s . A p p a r e n t l y , 
m u c h of the p a s t confusion in i n c i p i e n t bo i l ing s t u d i e s c a n be a s c r i b e d to 
p h e n o m e n a c a u s e d by i n e r t - g a s di f fus ion. 

(ii) C o o l a n t - e x p u l s i o n E x p e r i m e n t s . The s o d i u m - e x p u l s i o n 
a p p a r a t u s h a s been fi l led wi th s o d i u m . The e l e c t r o n - b o m b a r d m e n t gun h a s 
b e e n i n s t a l l e d , and the i n s t a l l e d i n s t r u m e n t a t i o n has been c a l i b r a t e d . P r e ­
l i m i n a r y e x p u l s i o n t e s t s have been conduc t ed with no i n e r t gas in the s y s t e m 
and b e f o r e e s t a b l i s h i n g any mean ing fu l p r e s s u r e - t e m p e r a t u r e h i s t o r y . As 
e x p e c t e d , the s o d i u m n u c l e a t e d a t e s s e n t i a l l y z e r o s u p e r h e a t , and s t a b l e 
s t e a d y bo i l ing w a s a c h i e v e d wi th no net expu l s i on . 

(i i i) T r a n s i e n t E x p e r i m e n t s . A s s e m b l y of the s y s t e m h a s begun . 
Ana ly t i ca l s t u d i e s of i n c i p i e n t boi l ing s u p e r h e a t s in f o r c e d - c o n v e c t i o n s y s ­
t e m s is con t inu ing . A t t e m p t s a r e be ing m a d e to c h a r a c t e r i z e a s y s t e m suf­
f i c ien t ly so tha t the i n c i p i e n t bo i l ing cond i t i ons can be p r e d i c t e d for any 
p o s t u l a t e d a c c i d e n t (in wh ich boi l ing o c c u r s p r i o r to fuel m e l t i n g ) . It now 
a p p e a r s tha t the type of a c c i d e n t (such as l o s s of flow, flow c o a s t d o w n , o r 
g r a d u a l p o w e r i n c r e a s e ) can s ign i f i can t ly affect the inc ip ien t boi l ing 
c o n d i t i o n s . 

b . C o n v e c t i v e I n s t a b i l i t y (R. M. S i n g e r ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , p. 121 (Nov 1968). 

(i) F l o w - c o a s t d o w n . The hea t e x c h a n g e r for t he NaK loop is 
be ing r e d e s i g n e d . C o n t r o l and i n s t r u m e n t a t i o n equ ipmen t i s be ing s e l e c t e d . 

3. Fue l Me l tdown S tud ie s with T R E A T (C. E ' D i c k e r m a n ) 

a. D e v e l o p m e n t of E x p e r i m e n t a l Methods 

L a s t R e p o r t e d : A N L - 7 5 1 8 , pp. 122-123 (Nov 1968). 

R e a c t o r p h y s i c s c a l c u l a t i o n s have b e e n r e p o r t e d by I s k e n d e r i a n * 
for an i d e a l i z e d m o d e l of a f a s t - n e u t r o n c o n v e r t e r s e c t i o n for T R E A T . By 
u s e of the I s k e n d e r i a n m o d e l , it was c a l c u l a t e d tha t snnall c l u s t e r s of fas t 
r e a c t o r fully e n r i c h e d oxide fuel p ins could be given an e n e r g y input equa l 
to about t h r e e t i m e s the e n e r g y r e q u i r e d to m e l t the fuel a d i a b a t i c a l l y , wi th 
t o l e r a b l e c l u s t e r flux d e p r e s s i o n s ( m a x i m u m to m i n i m u m r a d i a l power r a t i o 
of abou t 1.1). 

T h e c u r r e n t ob jec t of th i s p r o j e c t is to t r a n s f o r m the p h y s i c s 
m o d e l of the n e u t r o n c o n v e r t e r p r e s e n t e d by I s k e n d e r i a n into a h a r d w a r e 
d e s i g n wh ich can be i n s e r t e d in to t he T R E A T r e a c t o r . 

•iskenderian. H. P., Study on Conversion of TREAT Facility for Testing of Fast Reactor Subassembhes. 
Trans. Am. Nucl. Soc. U, 643(196S). 
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The mode l p r o p o s e d by I s k e n d e r i a n is an i d e a l i z e d c y l i n d r i c a l 
g e o m e t r y . It c o n s i s t s of an " i n n e r c o n v e r t e r " which s u r r o u n d s the t e s t 
s ec t i on and is c o m p o s e d of two r eg ions of UO2 (or s i m i l a r c e r a m i c fuel e n ­
r i c h e d in " ' U ) and an "ou te r c o n v e r t e r " which s u r r o u n d s the " i n n e r con ­
v e r t e r " and couples it neu t ron i ca l l y to the l ight ly loaded T R E A T c o r e . The 
" o u t e r c o n v e r t e r " is c o m p o s e d of two r eg ions of g raph i t e -U02^fue l s i m i l a r 
to the p r e s e n t T R E A T fuel but with h ighe r c o n c e n t r a t i o n s of U than in the 
c o r e . The two r eg ions of the i n n e r c o n v e r t e r a r e each 5 c m th i ck ; t h o s e of 
the ou te r c o n v e r t e r a r e each 2.5 c m thick. The ac tua l T R E A T c o r e a r ­
r a n g e m e n t which th is mode l a p p r o x i m a t e s is as fol lows: 

It is c o m p o s e d of a 10- by 2 0 - c m e x p e r i m e n t a l s p a c e s u r r o u n d e d 
by two, 5 - c m - t h i c k r i ngs of c e r a m i c fuel c o r r e s p o n d i n g to the two r e g i o n s 
of the inner c o n v e r t e r of the mode l . Su r round ing t h e s e a r e two r i n g s , each 
2.5 c m th ick , c o m p o s e d of r e g u l a r TREAT g r a p h i t e fuel with i n c r e a s e d "^U 
content in two s t e p s . L a y e r s of tungs ten , each a p p r o x i m a t e l y 0.1 c m th ick , 
have been p rov ided on the i n s ide of the inner c o n v e r t e r , b e t w e e n the r e g i o n s 
of the i nne r c o n v e r t e r , be tween the i nne r and ou te r c o n v e r t e r s , and on the 
ou t s ide of the ou te r c o n v e r t e r . Thin b o r a t e d l i n e r s a r e l o c a t e d at the i n s i d e 
and the ou t s ide of the ou te r c o n v e r t e r to r e d u c e n e u t r o n - f l u x peak ing at 
i n t e r f a c e s . 

The eng inee r ing i n t e r p r e t a t i o n of th is m o d e l wil l h a v e to p r o ­
v ide for p o s t t r a n s i e n t cool ing, p r o t e c t i o n of s t r u c t u r a l s t r e n g t h a g a i n s t 
ove rhea t ing the c o r e , and subdiv i s ion to fac i l i t a te i n s e r t i o n and r e m o v a l 
f rom the r e a c t o r . 

F o r e a s e of handl ing the m o s t convenient fornn for t he c o n v e r t e r 
would be 10- by 1 0 - c m e l e m e n t s s i m i l a r to the p r e s e n t s q u a r e e l e m e n t s . 
P r o v i s i o n s for handling e x p e r i m e n t a l s ec t i ons that a r e 10 by 20 c m e x i s t 
at T R E A T , and c o n v e r t e r s ec t ions up to this s i ze migh t be u t i l i z ed if 
r e q u i r e d . 

Two a l t e r n a t i v e s y s t e m s * for insu la t ing the c o n v e r t e r fuel f rom 
the c o r e a r e being c o n s i d e r e d . One s y s t e m would be to c o n s t r u c t the con­
v e r t e r r eg ion of 10- by l O - c m e l e m e n t s , each of which would con t a in a 
c e n t r a l fuel r eg ion s u r r o u n d e d by insu la t ion on al l four s i d e s suff ic ient to 
p r e v e n t ove rhea t ing of the c ladding m a t e r i a l . This s y s t e m h a s the a d v a n t a g e 
of e a s e of handl ing , but c a u s e s di lut ion of the c o n v e r t e r by the i n s u l a t i o n 
m a t e r i a l . 

A second s y s t e m would u t i l i ze fuel e l e m e n t s which con ta in m i n i ­
m a l insu la t ion and fuel m a t e r i a l clad with a m a t e r i a l which would r e s i s t 
oxidat ion at r e l a t i v e l y high t e m p e r a t u r e s . T h e s e e l e m e n t s would be s e p a ­
r a t e d f rom the t e s t s ec t ion on the i n s i d e ' a n d f rom the Z i r c a l o y - c l a d T R E A T 

•Gavin, A. P., to be published. 
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fuel on the outside by separate insulator sect ions. This arrangement would 
requi re deviation from the regular fuel-element shape and s ize , but would 
dec rease dilution of the converter by eliminating the need for insulation be­
tween the elements of the converter section. 

Since the former ar rangement seems the most flexible and con­
venient, we are proceeding with hea t - t ransfer calculations and prel iminary 
design configurations to establish the feasibility of this approach. We are 
striving for a combination of mater ia l s and spacing that will provide suf­
ficient internal insulation to allow cooling with the present TREAT air 
system and still prevent overheating of the cladding or of the exhaust air . 

P re sen t indications are that an element clad with a 0.l5-cnn-
thick metal can that is separated from a second, inner can by a gas space 
filled with low-pressu re (approxinnately l / 4 atm) argon and thermal radia­
tion shielding will possess the required insulation. This will leave a c ross 
section approxinnately 8.9 cm square for fuel. 

The best present guess as to a configuration which might be 
feasible for the overall design is as follows: 

A ring of ten 10- by lO-cm elements insulated as described 
would compose the inner converter . Each fuel-section element would con­
tain the two sections of different enrichments of ceramic fuel that form the 
inner conver ter . The outer converter would be composed of a ring of 
14 elements insulated s imilar ly to those described above but with TREAT-
like graphite fuel having ^'^U02 contents corresponding to those required by 
the physics calculat ions. Since this arrangerjient would allow much more 
fuel mate r ia l in the outer converter than the model, it is possible that it 
may not be necessa ry to divide the outer converter into two separate r e ­
gions of different ^'^U02 content. 

When this rough design has been checked from an engineering 
point of view, it will be reduced to a second physics model which will more 
closely approximate a working design. It is planned to supplement the final 
physics calculations with mockup experiments in TREAT. 

One difficulty which must be considered is posttransient cooling 
of the conver ter in the event of loss of power to the TREAT blowers. The 
presen t core requi res no cooling in this event because the cladding will not 
reach a high enough tempera ture to cause excessive corrosion. We propose 
to use Inconel cladding on the converter elements. This mater ia l will prob­
ably r e s i s t oxidation at the tempera tures which will be reached in the event 
of failure of the cooling a i r . It will be necessary to check adequacy of 
natural-convection cooling and of heat loss by conduction into the reflector 
sections of the converter fuel. The axial reflector sections of the converter 
elements will probably be clad with the same mater ia l as the fuel portion of 
these e lements . 
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Based on d i s c u s s i o n s with Me ta l l u rgy Div i s ion c e r a m i c i s t s , it 
i s expec ted that the c e r a m i c fuel s ec t ions of the inner c o n v e r t e r would 
p robab ly be m a n u f a c t u r e d as thin (0.6 to 1.5 cm) p l a t e s that would be s t a c k e d 
e i t he r flat or on edge to fill the fuel por t ion of the a s s e m b l i e s . The m a n u ­
f ac tu r e of t h e s e p la te s wil l r e q u i r e s o m e deve lopmen t effort . 

4. M a t e r i a l s Behav io r and Energy T r a n s f e r 

a. High T e m p e r a t u r e P h y s i c a l P r o p e r t i e s (M. G. Chasanov) 

Las t Repo r t ed : ANL-7500 , p. 129 (Sept 1968). 

(i) Heat Capac i ty of Liquid UO2. M e a s u r e m e n t s of the hea t con­
tent of UO2 sea led in tungs ten capsu l e s a r e cont inuing. Data obta ined below 
the mel t ing point of UO2 w e r e r e p o r t e d in the P r o g r e s s R e p o r t for June 1968, 

ANL-7460 , pp. 121-122. Data above 
the me l t ing point (to 3329''K) have now 
been obta ined; t h e s e a r e shown in 
F ig . IV.A. l along with the da t a for 
sol id UO2. T h e s e r e s u l t s extend the 
r a n g e of UO2 enthalpy da ta by about 
70°K and a r e g e n e r a l l y in exce l l en t 
a g r e e m e n t with va lues p r e v i o u s l y r e ­
p o r t e d . * Of p a r t i c u l a r i n t e r e s t is the 
va lue of a p p r o x i m a t e l y 18 k c a l / m o l 
found for the hea t of fusion of UO2, 
which is in good a g r e e m e n t with the 
va lue 18.2 k c a l / m o l r e p o r t e d by Hein 
and c o w o r k e r s . Howeve r , th i s r e s u l t 
is s ignif icant ly lower than the va lue 

of 25.3 k c a l / m o l e obtained by G r o s s m a n and Kaznoff,** who used cool ing-
c u r v e t echn iques . No explanat ion can be offered at p r e s e n t for th is 
d i f fe rence . 

2500 2600 2700 3200 3300 3400 

Fig. IV.A.l. Enthalpy of UO2 

A d d i t i o n a l e x p e r i m e n t s a r e c u r r e n t l y b e i n g c a r r i e d o u t t o 
e x t e n d f u r t h e r t h e t e m p e r a t u r e r a n g e of m e a s u r e d U O j e n t h a l p i e s . 

5. F a s t R e a c t o r S a f e t y T e s t F a c i l i t y S t u d y ( C . N . K e l b e r ) 

L a s t R e p o r t e d : A N L - 7 5 1 8 , p . 125 (Nov 1 9 6 8 ) . 

T h e p r e l i m i n a r y r e p o r t d u e i n M a r c h 1970 i s i n r o u g h d r a f t s t a g e . 
A b o u t 30% of t h e f i r s t d r a f t h a s b e e n r e c e i v e d , a n d t h e r e m a i n d e r i s o n 
s c h e d u l e . 

*Hein, R. A., and Flagella, P. N., Enthalpy Measurements of UOg and Tungsten to 3260°K, GEMP-578 
(1968); Hein, R. A., Flagella. P. N., and Conway, J. B., J. Amer. Ceram. Soc. 51, 291 (1968). 
Grossman, L. N., and Kaznoff, A. I., J. Amer. Ceram. Soc. 51, 59 (1968). 
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B. TREAT Operations 

1. Reactor Operations (J. F. Boland) 

Last Reported: ANL-7518, p. 126 (Nov 1968). 

A se r ies of nine tempera ture- l imi ted transients were run with a 
dummy experimental capsule in the reactor to obtain additional data on the 
operating charac te r i s t i c s of the reactor with fuel temperatures above 400''C 
(see P r o g r e s s Report for August 1968. ANL-7487. p. 109). Seven transients 
were run with a core without a viewing slot, and a maximum fuel tempera­
ture of 575°C was recorded following the final t ransient . This temperature 
was judged to be close enough to the 600°C operating limit that further tests 
with the unslotted core configuration were unnecessary at this time. Two 
t ransients were run with a slotted core configuration, and a maximum fuel 
t empera ture of 540°C was recorded following the second transient. Addi­
tional t ransients will be conducted with the slotted core configuration. 

Neutron radiographs were made of two groups of EBR-II driver fuel 
elements . Several neutron radiographs were also made of unirradiated 
EBR-II d r ive r fuel elements as part of a program to determine the precision 
of pin-diameter measurements made fronn neutron radiographs. 

2. Development of Automatic Power Level Control System (J. F. Boland) 

Last Reported: ANL-7518, p. 126 (Nov 1968). 

Following negotiations with the only vendor that submitted a positive 
response to the bid request for the hydraulic control- rod-dr ive system, r e ­
vised specifications were issued and a purchase order for the system was 
being processed at the end of this reporting period. Delivery is scheduled 
180 days after the order is placed. 

Systenn installation, originally scheduled for the fourth quarter of 
FY 1969, will be delayed until the first quar ter of FY 1970 by the longer-
than-anticipated bidding period. 
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C. C h e m i c a l R e a c t i o n - - R e s e a r c h and D e v e l o p m e n t - - C h e m i c a l and 
Assoc i a t ed Ene rgy P r o b l e m s ( T h e r m a l ) 

1. Ana lys i s of L o s s - o f - c o o l a n t Accidents (J. C. H e s s o n ) 

Las t Repor t ed : ANL-7500 , pp. 131-133 (Sept 1968). 

a. S imula t ion E x p e r i m e n t s to Define Effect of M e t a l - W a t e r R e a c t i o n 
on Fuel F a i l u r e dur ing E m e r g e n c y Core Cooling. To d e t e r m i n e the effect of 
the env i ronmen t on the in teg r i ty of Z i r c a l o y - 2 - c l a d U 0 2 - c o r e fuel rods fol­
lowing a l o s s - o f - c o o l a n t acc iden t in a w a t e r - c o o l e d power r e a c t o r , 18 s t e a m -
oxidat ion runs w e r e m a d e to a s s e s s the extent of c ladding f a i lu re as a func­
tion of cladding oxidat ion, heat ing r a t e , s t e a m flow, and quench t e m p e r a t u r e . 
The r e s u l t s w e r e s u m m a r i z e d p rev ious ly (see ANL-7500) . F o r c o m p a r i s o n , 
the effect of hydr id ing of the cladding by hydrogen p roduced by the r e a c t i o n 
of the cladding with the s t e a m was br ief ly inves t iga ted in four hydr id ing 
r u n s . The r e s u l t s have been i n t e r p r e t e d p r i nc ipa l l y on the b a s i s of the r e l ­
a t ive cladding d a m a g e due to hydr iding as c o m p a r e d to oxidat ion . 

The hydr id ing runs w e r e conducted in the s a m e a p p a r a t u s as 
the oxidat ion r u n s . In t he se r u n s , a 3 - in . - long induct ion coil was used to 
hea t a sec t ion of the rod; t h e r e w e r e about 16.67 g or 0.182 g - m o l e of z i r ­
conium in the 3-in. length of c ladding, which had a 3 1 - m i l - t h i c k wal l and a 
0 .567- in . -OD cladding dens i ty was 6.5 g / c m ' ; Z r02 dens i ty was 5.7 g / c m ' . 
The cladding t e m p e r a t u r e was m e a s u r e d at the midpoint of the 3 - i n . - l o n g 
coil . 

Table IV.C. l shows the r e s u l t s of t h e s e l imi t ed hydr id ing t e s t s . 
In Run HI at 1650°C, the lower solubi l i ty of hydrogen at high t e m p e r a t u r e s * 
accounts for the l e s s e r hydr id ing and d a m a g e to the c ladding at the c e n t e r 
of the hea ted zone of the rod. On the o ther hand, as shown by Run H2 at 

TABLE IV.C. 1 . Hydriding Tes t s of Single Inductively Heated 
Z i r ca loy -2 -c l ad Simulated Fuel Rods 

Cladding 

Rod Durat ion Hydrogen Hydrogen ^ " l u a n o n 
Run Temp at T e m p Absorbed Concent ra t ion ° 
No. (°C) (min) Atmosphere (moles) (av a /o) Max Av Resu l t s 

HI 1650 9 Hi 0.049 34 - - Fa i l ed* 
HZ 1400 6 Flowing 50% H,- - . 9.7 f,., i„tact 

50% Steam 
H3 1400 6 H, 0.016 15 - - Intact 
H4 1400 6 H, 0.0018 2 -2 - 1 . 5 Intact 

Near ends of heated zone because of hydriding. 

Hansen, M. [in Constitution of Binary Alloys, 2nd Ed., McGraw-Hill (1958). p. 809] reports the solubility of 
hydrogen in zirconium as 62 a/o at 850"c, 50 at 900°C, 46 at 950°C, and 44 (extrapolated) at 1000°C. 
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1400°C, the grea ter solubility of hydrogen at lower tempera tures is offset 
by the lower solution rate (kinetics). Thus, for relatively short t imes (-6 to 
9 nnin) at the conditions of these t e s t s , greates t damage by hydriding ap­
parently occurs between 1400 and 1650°C. F r o m comparison of these hy­
driding tes ts with the previous oxidation t e s t s , we conclude that heating the 
rods in a hydrogen atmosphere at 1400-1650°C for 6 to 9 min causes less 
cladding damage due to hydriding than heating in a steam atmosphere would 
cause due to oxidation. It also should be noted that, before Run H4, the rod 
was preoxidized at llOO^C for 7 min in steam flowing at 2 g/min; thus, as 
shown by Runs H2 and H4, the presence of s team in hydrogen or preoxidation 
of the rod great ly reduces the hydriding effects. Therefore, in the loss-of-
coolant accident, oxidation of cladding by steam is considered to be the dom­
inant factor in cladding failure, and any destructive effects by hydriding 
would resul t only after significant oxidation had already occurred. 

Z. P r e s s u r e Generation due to Par t ic le -Water Energy Transfer 
(R. O. Ivins) 

a. P r e s s u r e - p u l s e Column Study--Molten Part ic les and Hot Spheres 

Last Reported: ANL-7403, pp. 156-163 (Dec 1967). 

To analyze adequately the consequences of an accident in a 
water-cooled thermal reactor in which hot fuel mater ia ls might be injected 
and dispersed into the water coolant, knowledge is needed of the manner in 
which large amounts of energy are t ransferred from these part icles to the 
liquid coolant; such a process could occur in either an excursion or a loss -
of-coolant accident and could result in an explosive generation of s team. 

Previous experiments have measured transient heat transfer 
from hot spheres to water. Results of experiments to measure p ressu re 
pulses and forces generated due to heat transfer from hot mater ia ls dropped 
into a water column are reported here . 

The apparatus used for the experiments consisted of a vert ical 
glass cylinder filled with distilled water heated by an electr ical- tape heater 
that maintained the water at tempera tures from 30°C to boiling. A 
p iezoe lec t r ic -c rys ta l t ransducer in the bottom of the tube sensed dynamic 
p r e s s u r e pulses ; the signal was displayed on an oscilloscope and was r e ­
corded photographically. An electrically heated furnace, mounted directly 
above the water column, heated the spheres and molten metals before they 
were dropped into the water . In some cases , the entire water column was 
supported by the t ransducer for reaction-force measurements in which a 
hot l / 4 - in . -d i a platinum sphere was dropped into the water (see ANL-7403). 

In the current experiments , hot l /2 - in . -d ia si lver and stainless 
steel (Type 304) spheres , attached to l /8 - in . -d ia sheathed thermocouples. 



136 

and quan t i t i e s of - 1 - 4 0 g of m o l t e n b i s m u t h have been d r o p p e d in to w a t e r a t 
v a r i o u s t e m p e r a t u r e s in co lumns of s e v e r a l d i f fe ren t d i a n n e t e r s . S c r e e n 
a n a l y s e s of the b i s m u t h r e s i d u e w e r e m a d e . 

The t h e o r e t i c a l m o d e l p r e s e n t e d p r e v i o u s l y i nd i ca t ed tha t the 
d y n a m i c p r e s s u r e p u l s e s developed due to the f o r m a t i o n o r c o l l a p s e of v ap o r 
bubb les benea th the s u r f a c e of a n o n c o m p r e s s i b l e l iquid would be p r o p o r ­
t iona l to the dens i ty of l iquid, the depth of the bubb l e s , and the s econd d e ­
r i v a t i v e of the bubble vo lume with r e s p e c t to t i m e , and i n v e r s e l y p r o p o r t i o n a l 
to the c r o s s - s e c t i o n a l a r e a of the l iquid co lumn . 

To ver i fy the v a r i a t i o n of dynamic p r e s s u r e s wi th bubble depth 
and co lumn c r o s s sec t ion , a 0 . 5 - i n . - d i a s t a i n l e s s - s t e e l s p h e r e , wh ich w a s 
a t t a ched to a l / 8 - i n . - d i a t h e r m o c o u p l e and in i t ia l ly at 500°C, was r a p i d l y 
pos i t i oned at dep ths of 3 and 5 in. in a 3 . 0 6 - i n . - d i a w a t e r co lumn, and a t 
depths of 3.5 and 7.5 in. in a 1 .84- in . -d ia w a t e r co lumn . The r e s u l t s showed 
that m a x i m u m d y n a m i c p r e s s u r e s o c c u r r e d at the t r a n s i t i o n f rom qu ie t f i lm 
to v io lent boil ing ( g r e a t e s t va lue s of d^Vi/dt^), and that t h e s e m a x i m u m 
p r e s s u r e s w e r e a p p r o x i m a t e l y p r o p o r t i o n a l to the w a t e r depth (at the t r a n ­
s i t ion to v io lent boil ing) and i n v e r s e l y p r o p o r t i o n a l to the c r o s s - s e c t i o n a l 
a r e a of the w a t e r co lumn, as p r e d i c t e d by the s i m p l e t h e o r y . 

The t e m p e r a t u r e s at which the t r a n s i t i o n f rom qu ie t f i lm to 
v io len t boi l ing o c c u r r e d w e r e d e t e r m i n e d for 0 .5 - in . s i l v e r s p h e r e s ( in i t ia l ly 
at 555°C) and at s e v e r a l w a t e r t e m p e r a t u r e s . The t r a n s i t i o n ^vas o b s e r v e d 
v i sua l ly and a l so noted as a change in s lope of the cool ing c u r v e . In t h e s e 
t e s t s , the hot s p h e r e s w e r e rap id ly s u b m e r g e d into the w a t e r and held s t a ­
t i o n a r y unt i l the comple t ion of o b s e r v a t i o n . In o the r t e s t s , the in i t i a l t e m ­
p e r a t u r e of the s p h e r e was v a r i e d and w h e t h e r or not f i lm boi l ing o c c u r r e d 
i m m e d i a t e l y upon dropping the s p h e r e into w a t e r was noted . The p r i n c i p a l 
d i f fe rence be tween the two t e s t s was that , in the second c a s e , the s p h e r e 
was in mot ion dur ing the o b s e r v a t i o n , and the effect of t h i s m o t i o n on the 
t r a n s i t i o n was a s c e r t a i n e d . The r e s u l t s a r e shown in F i g . I V . C . l . It was 
o b s e r v e d that the onset of violent boil ing o c c u r s at s l ight ly h i g h e r t e m p e r a ­
t u r e s for moving s p h e r e s than for s t a t i o n a r y s p h e r e s . 

The r e s u l t s of dropping ~10-g quan t i t i e s of m o l t e n b i s m u t h a t 
500°C into a 3 .06 - in . -d i a co lumn f rom a height of 8.5 in. above the w a t e r 
s u r f a c e a r e shown in F ig . IV.C.2 . It should be noted that in the c a s e of 
d ropping mo l t en b i smu th into the wa t e r it i s not p o s s i b l e to s u s p e n d the b i s ­
mu th a t a p r e d e t e r m i n e d depth a s was done with the so l id s p h e r e a t t a c h e d to 
a t h e r m o c o u p l e . At the t r a n s i t i o n f rom quie t f i lm boi l ing to v io len t boi l ing , 
the m o l t e n b i s m u t h usua l ly b roke into fine p a r t i c l e s , wh ich c a u s e d a d y n a m i c 
p r e s s u r e p u l s e . Th i s t r a n s i t i o n o c c u r r e d at g r e a t e r dep ths for w a r m e r 
w a t e r ; in w a t e r nea r the boil ing point, t h e - t r a n s i t i o n ac tua l ly m a y not o c c u r 
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a t a l l b e f o r e t h e b i s m u t h h a s s o l i d i f i e d . A s s h o w n i n F i g . I V C . 2 , t h e m a x i ­

m u m p r e s s u r e p u l s e s w e r e o b s e r v e d a t w a t e r t e m p e r a t u r e s b e t w e e n 70 a n d 

8 0 ° C . T h e g r e a t e s t b r e a k u p of t h e m o l t e n b i s m u t h i n t o f i n e p a r t i c l e s o c ­

c u r r e d u n d e r c o n d i t i o n s t h a t r e s u l t e d i n t h e g e n e r a t i o n of t h e l a r g e s t p r e s ­

s u r e p u l s e s . 
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a 

I 
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^ A A 

From initial sphere temperatures 
tor trim boiling when the spheie 
was dropped into watei A 

From coolrng-cufve slope and 
vrsual observatron 

60 80 

Inrlial Water Temperatuie, °C 

100 60 80 IW 

Initial Dalei Ttnperature, °C 

Fig. IV.C.l. Average Bulk Temperature of 
0.5-in. Silver Sphere in Water 
at Transition from Quiet Film 
to Violent Boiling 

Fig. IV.C.2. Maximum Dynamic Pressure Pulses due lo 
Dropping 10 g Molten Bismuth at 500°C 
from 8.5 in. above the Surface of the 
Water into a .3.06-in.-dia Water Column 

T h e e f f e c t of t h e q u a n t i t y of m o l t e n b i s m u t h o n d y n a m i c p r e s s u r e 

g e n e r a t i o n w a s o b s e r v e d i n a s e r i e s of f o u r t e s t s i n w h i c h b i s m u t h a t 500"'C 

w a s d r o p p e d f r o m a h e i g h t of 6 i n . i n t o w a t e r a t 6 0 ° C . T h e w e i g h t s of b i s ­

m u t h f o r t h e f o u r t e s t s w e r e 8 . 4 8 . 1 1 . 8 0 , 2 0 . 7 2 , a n d 3 2 . 9 8 g , a n d t h e d y n a m i c 

p r e s s u r e s w e r e 2 2 , 2 0 . 3 2 , a n d 60 p s i . r e s p e c t i v e l y . W h e n -3, g o r m o r e of 
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m o l t e n b i s m u t h at ~500°C w e r e d ropped into w a t e r in the v i c in i ty of 75°C, 
m i l d exp lo s ions o c c u r r e d and the b i s m u t h r a p i d l y f r a g m e n t e d . The e x p l o ­
s ions b e c a m e m o r e v io len t as the quant i ty of b i s m u t h was i n c r e a s e d . With 
about 20 to 30 g of b i s m u t h , w a t e r was e jec ted f rom the c o l u m n by the ex ­
p lo s ion and d y n a m i c p r e s s u r e s of 40 to 60 ps i w e r e g e n e r a t e d . G r e a t e s t 
f r a g m e n t a t i o n of the m e t a l into fine p a r t i c l e s is a s s o c i a t e d with the l a r g e s t 
p r e s s u r e p u l s e s . 

It was o b s e r v e d , f rom h i g h - s p e e d mo t ion p i c t u r e s of two t e s t s 
us ing 36.4 and 39.98 g of b i s m u t h , that the l iquid b i s m u t h e n t e r e d the w a t e r 
as an e longa ted d r o p . When the fo rward p a r t of the d r o p e n t e r e d the w a t e r , 
a s m a l l amount of d i s p e r s a l o c c u r r e d . When the f o r w a r d p a r t of the d r o p 
r e a c h e d a depth of about 3.5 in . , the explos ion took p l a c e . The b i s m u t h was 
r ap id ly f r a g m e n t e d and d i s p e r s e d , and the w a t e r co lumn expanded due to 
s t e a m fo rma t ion . Some w a t e r and b i s m u t h w e r e e jec ted f rom the c o l u m n . 
It a p p e a r e d as though the w a t e r had been s u p e r h e a t e d by the p a r t i a l l y d i s ­
p e r s e d b i s m u t h and then suddenly c o n v e r t e d to s t e a m . 

F u r t h e r t e s t s a r e being planned "with o the r m e t a l s , inc lud ing 
z inc , t in , and a l u m i n u m . 

D. Effluent C o n t r o l - - R e s e a r c h and D e v e l o p m e n t - - G a s e o u s 
Effluent Studies - - P l u t o n i u m Vola t i l i ty Safety 

1. P lu ton ium Hexaf luor ide Safety (R. W. K e s s i e ) 

L a s t R e p o r t e d : ANL-7500 , pp. 135-136 (Sept 1968). 

The f i l t r a t ion of p lu tonium a e r o s o l (PUO2F2) by h igh -e f f i c i ency f iber 
f i l t e r s is being s tudied to obta in da ta n e c e s s a r y to p r e d i c t the b e h a v i o r of 
f i l t e r s u n d e r a b n o r m a l condi t ions in a r e p r o c e s s i n g p lan t . F i l t e r loading 
effects on p r e s s u r e d r o p w e r e m e a s u r e d in 21 t e s t s . In the p r o c e d u r e u s e d , 
a s t r e a m of PuFj, was cont inuous ly mixed with a i r of c o n t r o l l e d m o i s t u r e 
conten t to fo rm PUO2F2, and the a e r o s o l was p a s s e d th rough a s e r i e s of 
t h r e e or four 1 0 - c m - d i a f i l t e r s for I h r . The gas ve loc i ty was - 0 . 2 5 o r 
~2.5 c m / s e c , and the quant i ty of p lu tonium fed in a t e s t r a n g e d f rom - 1 to 
~1950 mg . The following equat ion was de r ived f rom the da ta obta ined in 
the s m a l l - s c a l e e x p e r i m e n t s : 

2.93 X 10' (1) 

w h e r e S is the s lope of the p r e s s u r e d r o p - v s - t i m e c u r v e s (in. H 2 0 / m i n ) , 
u is the a i r ve loc i ty inc ident to the s u r f a c e of the f i l te r ( c m / s e c ) , and F i s 
the PuF(, feed r a t e (mg P u / h r ) . 

Equa t ion ( l ) was s ca l ed up to a l low e s t i m a t i o n of the p r e s s u r e d r o p 
for a 1 0 0 0 - c f m - r a t e d f i l ter at v a r i o u s gas v e l o c i t i e s and f i l te r load ings 
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(based on P u F ^ r e l e a s e d f r o m a c o n t a i n m e n t v e s s e l ) . T h e s e e s t i m a t e s a r e 
g iven in T a b l e I V . D . l . F o r c o n d i t i o n s s i m i l a r to t h o s e used in t h e s e ex ­
p e r i m e n t s , the conf idence l i m i t s for p r e s s u r e d r o p a r e within a fac to r of 
2 of t he s t a t e d v a l u e s . 

TABLE IV.D. l . Es t ima ted F i l t e r Loading Capacity 
(F i l t e r Size: lOOO-cfm-rated Air Flow) 

PuF(, R e l e a s e (kg Pu) That Gives Indicated Increases 
in P r e s s u r e Drop at Indicated % of Rated Air Flow I n c r e a s e in 

P r e s s u r e Drop 
(in. H2O) 10% Air Flow 20% Air Flow 50% Air Flow 100% Air Flow 

1 3 .4 1.6 0 .62 0 .29 

2 5.4 2.6 0.98 0.47 

4 8.6 4.1 1.6 0.75 

E. E n g i n e e r e d Safety F e a t u r e s 

1. Safety F e a t u r e s T e c h n o l o g y - - C o n t a i n m e n t 

a. H y d r o d y n a m i c R e s p o n s e to H i g h - e n e r g y E x c u r s i o n (Y. W. Chang 
and G. C i n e l l i , J r . ) 

L a s t R e p o r t e d : A N L - 7 5 0 0 , pp. 136-138 (Sept 1968). 

(i) Se l ec t i on of Equa t ions of S ta te of M a t e r i a l s . The t w o -
d i m e n s i o n a l h y d r o d y n a m i c a n a l y s i s and cornputer code w e r e ex tended to in ­
c lude the p l e n u m and the b r e e d i n g b lanke t s u r r o u n d i n g the c o r e . The b l a n ­
ke t s can be e i t h e r in v a p o r i z e d s t a t e or in t he i r p r e - e x c u r s i o n s t a t e . The 
equa t ion of s t a t e of the b l anke t s in the v a p o r i z e d s t a t e is a s s u m e d to have 
the f o r m 

p = B - P ( - E T E ; ) ' 

w h e r e P is the p r e s s u r e , E is the i n t e r n a l e n e r g y , and A, B. and £„ a r e 
c o n s t a n t s . The equa t ion of s t a t e of the b l anke t s in t h e i r p r e - e x c u r s i o n s t a t e 

nd that of p l e n u m a r e the M i e - G r u n e i s e n - t y p e equat ion of s t a t e 
a 

P = P H + 1 ( E - E H ) 

w h e r e P H and E H a r e the p r e s s u r e and i n t e r n a l e n e r g y along the Hugoniot 
c u r v e , 7 is the G r u n e i s e n r a t i o , and V is the spec i f i c v o l u m e . The Hugoniot 
( P H - V) c u r v e of the b l anke t s is c o n s t r u c t e d a c c o r d i n g to the m e t h o d d e ­
s c r i b e d in A N L - 7 5 0 0 . The Hugoniot c u r v e for the p l e n u m is c o n s t r u c t e d 
a c c o r d i n g to 
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PH(V,V„ 1 +• 

VooW 

1± 

+ 1 
P H ( V , V O 

w h e r e VQO is the in i t i a l speci f ic vo lume of the p l e n u m including the f i s s i on 
g a s , Vo i s the in i t i a l speci f ic vo lume of the sol id p l enum (without the f i s s ion 
gas and v o i d s ) , and P H ( V , VQ) is the Hugoniot c u r v e of the so l id p l e n u m . As 
a f i r s t a p p r o x i m a t i o n , f i s s ion gas is t r e a t e d as i n t e r n a l v o i d s . A s a m p l e 
p r o b l e m is be ing run on the c o m p u t e r to s tudy the effects of the b l a n k e t s 
and p l enum on the p ropaga t ion of shock waves emana t ing f rom the c o r e . 

b . Ine l a s t i c R e s p o n s e to H i g h - e n e r g y E x c u r s i o n (G. C i n e l l i , J r . ) 

L a s t R e p o r t e d : ANL-7500,. pp. 138-139 (Sept 1968). 

(i) Ana lys i s of Shock-wave P r o p a g a t i o n . The a n a l y s i s of s h o c k -
wave p ropaga t ion has been comple t ed The next s t ep in the p r o c e s s i s to 
d e r i v e a r ezon ing t echn ique that will enable comput ing to l onge r t i m e s . 

(ii) P r o g r a m m i n g F i n i t e - d i f f e r e n c e Equa t ions in F o r t r a n . The 
p r o g r a m m i n g of the f in i t e -d i f fe rence equat ions has been c o m p l e t e d . Good 
r e s u l t s obta ined on a s a m p l e p r o b l e m ind ica te that the p r o g r a m is w o r k i n g 
s a t i s f a c t o r i l y . The r e s u l t s of the ca l cu l a t i ons a r e being se t up to p r o d u c e 
p i c t o r i a l r e s u l t s . 

(iii) Se lec t Mul t iax ia l Equa t ions of S ta te . Work is cont inu ing on 
the s e l ec t i on of the b e s t mu l t i ax i a l equat ion of s t a t e . T h e r e s e e m s to be no 
d i s c e r n i b l e way of s e l ec t i ng be tween a n u m b e r of r e s u l t s excep t by e x p e r i ­
men t . Thus c o n s i d e r a t i o n is being given to dev i s ing e x p e r i m e n t s . 
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